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DER EFFEKT DER MESSDAUER BEI DER ERMITTLUNG 
VON MAXIMAL-KONZENTRATIONEN EINES SICH IN TUR- 
BULENTER STROMUNG AUSBREITENDEN GASES 


F. WIPPERMANN 
Technische Hochschule Darmstadt, Meteorologisches Institut 
(Received 21 December 1959) 

Zusammenfassung—Die Brauchbarkeit der SutTtroNschen Formel fiir die maximale Gaskonzentration 
am Boden kann experimentell nur gepriift werden, wenn die Gaskonzentration und die meteoro 
logischen Parameter nicht nur simultan gemessen werden, sondern die dabei erhaltenen Mittelwerte 
auch aus Mittelbildungen Uber das gleiche Zeitintervall (Messdauer fiir die Konzentration, Beobacht- 
ungszeit fur die meteorologischen Parameter) hervorgegangen sind. Soll diese Formel als Grund- 
lage irgendwelcher Bestimmungen zum Zwecke der Schadensverhiit ing dienen, so gilt das gleiche 
an die Stelle der Messdauer fiir die Konzentration tritt lediglich die sogenannte Immissionszeit 
Diese wird von Biologen angegeben; der Mittelwert der Gaskonzentration iiber diese Zeit darf den 
ebenfalls von den Biologen angegebenen gerade noch zuldssigen Grenzwert (MIK) nicht iiber- 
schreiten. Wenn die Dauer der Konzentrationsmessung mit der Beobachtungszeit fiir die meteoro- 


ing des schadlichen 


logischen Parameter nicht Ubereinstimmt, bezw. die Immissionszeit fiir die Einwirk 
Gases mit der Beobachtungszeit fiir die meteorologischen Parameter nicht Ubereinstimmt, ist die 
Anbringung einer Korrektur erforderlich. Diese wird mit Messdauereffekt bezeichnet 


Um quantitative Aussagen liber diesen Messdauereffekt zu erhalten, wird eine statistiche Theorie 


entwickelt. Zu diesem Zwecke wird die Abhangigkeit der in die SuTroNnsche Formel eingehenden 
meteorologischen Parameter von der Mittelbildungszeit untersucht. Es zeigt sich, dass sich A4ndernde 
Zeiten fiir die Mittelbildung ber das Quadrat der Geschwindigkeitsfluktuationen in vertikaler Richtung 
fur den Messdauereffekt praktisch bedeutungslos sind. Eine starke Abhangigkeit von der Mittel- 
bildungszeit zeigen jedoch die durch die Mittelbildung selbst erhaltene GrundstrOmung wie auch der 
Mittelwert des Quadrates der Geschwindigkeitsfluktuationen quer dazu. Da die SUTTON-Formel eine 
Orientierung des Koordinatensystems nach der mittleren Windrichtung vorsieht, hangt auch die 
Orientierung des Koordinatensystems von der Mittelbildungszeit ab 

Eine Anwendung der Theorie setzt die Kenntnis einiger Kenngréssen des atmosphdarischen 
StrOémungsfeldes voraus, namlich: Bestandigkeit des Windes, Turbulenzniveau (sowohl fur eine 
unendlich lange als auch fiir irgendeine endliche Mittelbildungszeit) und eine charakteristische Zeit 
Diese Gréssen wurden so weit wie méglich aus Beobachtungen entnommen, fiir den Rest wurden die 
Pp 


zusammengestellt. Ein Vergleich des theoretischen Ergebnisses mit Messdaten ist nur in beschranktem 


ausibelsten Werte angenommen. Das Ergebnis ist in einer Tabelle im Anschluss an Gleichung (87) 


Masse mdglich, da hierfiir geeignete Messdaten bislang nur von STEWART u.a. (1954) erhalten wurden 


Diese zeigen jedoch eine befriedigende U bereinstimmung 


Abstract—The usefulness of the Sutton formula for the maximum concentration of gases at the surface 


can be checked by experiment only, if the gas concentration and the meteorological parameters are 


not only measured simultaneously, b T 


it that the so-obtained mean values are means over the same 


interval of time (time of sampling for the concentration, observation time for the meteorological 
parameters) The same holds true if this formula shall be used as basis for regulations tor preventing 
any rages the time of measurement is ther repiaced Dy the so called Immussionszeit This 
time is stated by the biologists: the mean of the gas concentration taken over this interval may not 


exceed the maximum allowable concentration (MIK), which is also stated by the biologists. If the 
interval of concentration measurement is not in agreement wit! the observation time ol the meteoro- 
logical parameters, respectively, the * Immissionszeit ” for the influence of the noxious gas Is not In 
agreement with the observation time of the meteorological parameters, a correction factor has to 


al 


used. This is called the effect of sampling time 
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sampling time 


1 on the time 


ervals for 


npiling 


or the 


idustrieabgase in die Atmosphiare auf ein 
rweckmiassigerweise von der Vorstel- 
also vorwiegend am Erdboden 
aximalkonzentrationen nicht Uber 
von Medizinern, Biophysikern, Biologen 
sogenannten Immissionszeit 
wenn die Uber die angegebene 
Maximalwert tiberschreitet 
Quellstarke, Austrittsten 

dann bei Vorgabe 

hiertur 
reicht wird oder nicht 
getroffen werden kann 


notwendiger 


angedeuteten 


Problen 


t Einhelligkeit der Meinung 


rel. z.B. FRENKIEL und SHEPPARD 


nigung nur mangeinalt 
der Versuch unternon 


ssagen ude! 


ANN 
A Statistic thec ented to obtain quantitative statements for this effect of 
¢ ver which the e taken ts investigated It hown, that different mean int 
e ct ons vertic directior c gnificant for the effect of 
‘ \ ge depend the me nterva $ shown tor the mean velocity as we S iz 
S c th velo perpendik r to it Because the Sutton formula req cs an 
e< ste the direction of ean flow, the orentation of the co 
ep ne me terva 
\ eq es knowledge of some characteristic values of the atmospherik 
4 ine W level Of turdDulence (10 nfinitel Ong nterva evel 
< te ind a characteristic t These values were take far 
< « tne rest re (he Oost Diausit values. The results are show I tani 
A< p the theoretical re ts with experimental Gat restricted 
iat \ y STEWAR 54 T he izreement with these data 
EINLEITUNG 
IN Gg Be! | CT A bgabe schadlicher 
ertragliches Mass zu reduzieren, lasst man 
ing leiten, dass im Bereiche mdglicher Scha 
ger in dessen unmiultteidare Nahe 
schritten werden Letztere werden 
Botanikern und Pflanzenphysiologen zugle 
5 tgesetzt, dass S idigungen erst dann 
Vv 
sionszeit gemittelte Konzentration det 
I nteressierende | ssionsgréssen (Schi 
peratur und Austrittsgeschwindigkeit is 
Kenngrdéssen der at pharischen Turbule 
For n feststellen, ob die festgelegte Maxin 
De (srad der SICNE den Giese En 
daa n ab, wieweit im Einzelfalle dicjenigen Voraussetzungen und 
Vereinfachungen erfillt sind, die bei der Ableitung der benutzten Forme! iE 
weise gemacnt werdel ISStcI 
Die Verwendung derartiger Maximalkonzentrationen (z.B. bei den E77 
Luft haltungs-Massnahmen) wirft sofort ein neues, bislang ungeléstes 
Lu lasenige des Effektes der Messdauer. Es bestc)h 
SY nne d I ng ele Fragen der Luftverun 
t Hilf er stat Theorie zu quantitat \ummmuume den Efickt der 
7 he EFINITION DES EPFEKTES MESSDAUER 
gew \ rung zumindest im deutschsprachigen Bereich — der Begriffe 
M lauer, Be eit und Imi onszeit t es notwendig, zund t eine 
d en Mitt dungen Uber verschieden lange 


Die Maximal-Konzentrationen eines sich in turbulenter Stro6mung ausbreitenden Gases } 


Zeiten zu treffen, wie auch die Abweichungen von Mitteln ber verschieden lange 
Zeiten zu unterscheiden. Dies geschehe durch eine Indizierung der Mittelwerte; fiir 


eine beliebige CGsrésse a gelte 


fiy({t) (1) 
und entsprechend 
| 2 
a, im (2) 
1 
Die Abweichungen vom jeweiligen Mittel sollen mit einem Apostroph bezeichnet 
werden 
a (7) ait) a (7) 3) 
bezichungsweise 
a~(t)=a(t)-a 4 
Definitionsgemiss ist 
a, tt) (>) 
wihrend jedoch 
(6) 
im allgemeinen nicht verschwindet 
Es liefern nun alle praktisch verwendbaren Theorien fiir die Ausbreitung eines Gases 


in turbulenter Str6mung nur Verteilungen der zeitlich gemittelten Konzentration 
des Gases. Dies ist bei beiden, sowohl bei den analytischen wie auch bei den statis- 
tischen Theorien leicht einzusehen, besonders leicht bei letzteren: Man geht von einer 
Normalverteilungt fiir die Konzentration aus und identifiziert das Streuungsquadrat 
(d.h. das mittlere Quadrat der Partikelverschiebungen) dieser Verteilung mit dem 
Diffusionskoeffizienten. Das bedeutet aber, dass es sich nur um die Verteilung einer 
zeitlich gemittelten Konzentration handeln kann, und zwar gemittelt liber die gleiche 
Zeit iiber die das mittlere Verschiebungsquadrat der Partikel gebildet wurde. Bezeich- 
nen wir letzteres in den drei Koordinatenrichtungen mit (£)*7, (m)*, (C)* und die Kon- 


zentration des Gases mit s, so gilt fiir den Fall einer momentan freigesetzten Gasmenge 


$7 2, 1, (EP (<)*7) (7) 
Eine Nachprifung jeglicher Ausbreitungstheorie kime einer Verifikation der Bezie- 
gung (7) gleich. Hierzu miissen die Gréssen (£)°7, ()*7, (C)*7 aus meteorologischen 


Beobachtungen entnommen werden, wobei die Theorie angibt, welcher Zusammen- 


t In diese Zusammenhange t es unerheblich, d N erte! gg hit wird (d.h. der 
Diffusio organg al facher MARKOV-pr K i d Bei einer 
etwas wirk hkeitsnahe Beschreibung ¢ tur [Diff gange B es einfachen 
MARKOV-prozesses im Phasenraum) wird eine Vert ng naiter lie der | ng einer Diffusions- 
gleichung vom Typ der Telegraphengleichung entspricht (GoLDsteINn, 1951). Fir die Konzentration 
gilt auch dann das oben gesagte 
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hen diesen mittleren Verschiebungsquadraten und irgendwelchen mess- 
fiir die atmosphirische Turbulenz hierfiir ausgenutzt wird. Auf 

der andern Seite muss die Konzentration s gemessen und ihr Mittelwert festgestellt 
Dabei ist wesentlich, dass die Dauer der Konzentrationsmessung mit der 

ng der meteorologischen Parameter (Beobachtungszeit) Uberein- 
nzentrationsmessung zwar simultan mit der Messung der meteoro- 
gt, ist jedoch die Dauer beider Messungen verschieden 

7) nur méglich bei Verwendung eines 


fikation der Bezichung ( 


Messdauer bezeichnet: 1-0, wenn die Dauer der Kon- 
der Messdauer der rologischen Parameter (Beobacht- 


smstellung der Luftreinhaltung ibernimmt die 

Rolle der Konzentrationsmessdauer. Wenn also die 

neter nicht als Mittelwerte ber die Zeitspanne zur Verfiigung 
mit der Maximalkonzentration als Immissionszeit fiir das 
ann eine Formel (der A usbreitungs- 


vorgenannten Korrekturfaktors V 


tive Erfassung dieses Messdauer- 


ial 


DER EFFEKT DER MESSDAUER FUR MAXIMALE BODENKONZENTRA- 
TIONEN IM FELDE EINER KONTINUIERLICHEN PUNKTQUELLI 


il 


nstellung der Luftreinhaltung ist 


lie anfanglich genannte P 
Effekt der Messdauer fiir maximale Boden- 


wie gross der 
SUTTON (1932) 


ntrationen im Felde einer kontinuierlichen Punktquelle ist 
ir die Maximalkonzentration folgende Bezichung 


(9) 


irke [g sec™"], A die effektive Héhe der Quelle, u die raumlich 
setzte Grundgeschwindigkeit, C, und C, die virtuellen Diffusions- 


g und senkrecht zur Richtung der mittleren Wind- 


worin Q die Que 


§ ir die Giltigkeit der Bezichung (9) noch eine Reihe von 
Voraussetzungen erfillt sein muss, wie z.B. das Vorhandensein eines vollig ebenen, 
das Gas nicht absorbierenden Erdbodens, ist im Zusammenhang mit dem Effekt der 
h 


erhadlt SUTTON durch Ver- 


Messdauer unwesentlic 
I 


Fiir die virtuellen Diffusionskoeffizienten C, und ( 
wendung eines aus Dimensionsiiberlegungen gewahlten Ansatzes fiir die LAGRANGEsche 
K orrelationsfunktion folgende Beziehungen zu messbaren Grdéssen fiir die atmos- 


pharischen TurbulenzverhAltnisse 


4 
Korrekturfaktors V derart, dass 
V(Ty | Tx)* 57, (X.Y, 2. (nr, (Sry) 
Dieser Faktor V(T7; | 7») 
werde als | ffekt der 
Zentrationsmessungd I 
ungszeit) udereinstimmt! 
Bei der zu Antang gé¢ 
angegebene Immission 
meteoroiogiscnen Parat 
stehen, die zusammen 
betreflende schidliche Vi 
effektes so wichtig 
Im Hinblick auf ¢ 
es sInnvoll testzuste 
konze 
gibt fi 
O 2¢ 
= 
¢ 
Konstant 


A 
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4N" 1 | 


| 


L 


c (10b) 
worin N die Makroviskositaét, w die vertikale Geschwindigkeitskomponente und + 
diejenige in Richtung senkrecht zur mittleren Windgeschwindigkeit bedeuten. Der 
Parameter m charakterisiert die Stabilitat der atmosphdrischen Schichtung und ist 
nach SUTTON aus dem gemessenen vertikalen Profil der mittleren Windgeschwindigkeit 
zu bestimmen. 

Mit (10a) und (10b) ergibt sich fiir die Maximalkonzentration (9) 


2 
GY 2 (11) 


Wie bereits angedeutet, wird zum Erhalt dieser Beziehung ein Ansatz fiir die 
LAGRANGESche Korrelationsfunktion benutzt; infolge ihrer Definition bedingt diese 
Mittelbildungen iiber eine unendlich lange Zeit. Mit der vorgesehenen Indizierung der 
gemittelten Gréssen zur Kennzeichnung der Lange der Mittelbildungsintervalle 
lautet Gl. (11) also 
Y 2 (12) 


whe meh® | 

In dieser Form, in der das SuTtonsche Ergebnis eigentlich giiltig ist, ist es aber gleich- 

zeitig aus zwei Griinden unanwendbar: Erstens ist s*, ein fiir alle Zeiten konstanter 

Wert, bei dem der interessierende Einfluss sich zeitlich verandernder Turbulenzver- 

haltnisse durch die unendlich lange Mittelbildungszeit unerkennbar bleibt, zum andern 

kénnen auch wegen der unendlich langen Mittelbildungszeit die fiir die Giiltigkeit 

von Gl. (11) bezw. (12) notwendigen Voraussetzungen nie erfillt werden. s*, wird 
sich aber trotzdem als Bezugsgrésse sehr niitzlich erweisen 

Man sichert dem Suttonschen Ergebnis seine vielseitigen Anwendungsgeméglich- 


keiten erst dadurch, dass man anstelle von (12) 


neh* tir | 


(13) 


setzt. Die beiden Maximalkonzentrationen (12) und (13) werden sich dabei um einen 
von der Mittelbildungszeit 7 abhangigen Faktor 


Y(T) (14) 
U7 L(W' (V 7)*rJ 
unterscheiden. Dieser Faktor fiihrt unmittelbar zur Definition des Messdauer- 
effektes V(7, | T,) 
Y(T,) 


(15) 


V(T, 


Es gilt also V(T| ©) = 


VOL. 
4 
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Aus Griinden der Vereinfachung wurde in der Beziehung (14) angenommen 


n 

virischen Schichtung wird iiber alle Zeit als 
Der Einfluss der Nichterfiillung dieser Voraussetzung wird 

skutiert 
Formel (9) bezw. (11) setzt eine derartige Orientierung des 
voraus, dass die Y-Achse in Richtung des Vektormittels der 
igeschwindigkeit liegt. Das bedeutet, dass eine Verinderung det 
ne Neuorientierung des Koordinatensystemes zur Folge haben 


ist es, der das Problem erschwert: relativ einfach ist 


Umstand 
ng der Geschwindigkeitsfluktuationen in Richtung der fiir alle 
Vertikalkoordinate die horizontalen Bewegungen bleibt 


on Vektoren unumginglicl Es wird mithin statt (14) 


cne 


nt 
mt 


htungsweise 


d.h. der Stabilita 
KOonStant vorausge 
an spaterer Stelle 
Die SUTTONsc! 
K oordinatensysten 
horizontalen Winc 
Mittelbildungsdau 
kann. Gerade dieser 
lediglich die Behand 
gescnrieden 
T) {i6) 
y ) (i +) 
mit den Einheitsvektoren 
I 
Es erseeeim@mmmeckmassig an dieser Stelle zwei verschiedene Mdglichkeiten eine! 
Betrac zu unterscheiden Vi 
7) Fur eine | reich ge Messdaue * werde der Maximalwert der Bodenkor ntrat i 
Punkte seines Auf c ermittelt, es ergidt sich der Wert ret Fa die Me ng durch eine 1 
fortiaufende Reg g vorgen en wird, s t Oglich auch die Konzentration fur 
gleichgrosse | . est ne Die Werte fiir die eir ne I tervali 
werder m de We * scnw ken, das Mitte ne Teilintervalle git doch wieder 
diesen Wert. Dies bhangig von der Dauer der (gleich langen) Teilintervalle. Das gleiche 
Resultat erha c} wenn man nicht die K entration misst. sondern die durch eine 
Formel vorgeschriebe meteorologischen Paramete nd aus diesen d Konzentrationer 
derecnnet Er l Ange der Teilintervalle so } gemacht wird, da erklicher 1 
les Spekt turbulenten kinetischen Energie unberiicksichtigt bleibt, werden Unterschied 
siscnen det ) cnneter gemessenen K entrationen autltreter lie Gurch die | 
genauigkeiten der wendete me Hedingte { terschiede sind dabe iusser Betracht 
gc D Mess n emer festen Punkt (namlich demjenige Ger il¢ 
K zentratior n Gesamizeit Th vorgenommen werden, das Maximum aber edem Te 
nemen ndern P Ate nnde sein wird, verbietet sich die Anwendung der Forme! 
I lie Max , tratior Bestimmung der Konzentration in de Teilintervall Da 
quantitative Aussag r den Messdauereffekt — wie noch gezeigt werden wird — wiederum nur 
Mitt ‘ endlich viele Falle gelte st fur diesen Fall A das Problem ohnehin geger 
1isios j M er AK entratior n den T ntervalien ergidt wieder die Maxima 
Bei der Bewaltigung fanglich erwahnten Problemes der Luftreinhaltung interessiert eh 
ler | dei Ger entrauonsmessungen nicht nur an Punkte des Auftretens der Maxima 
. zentration tur ce Gesamtzeitraum vorgen en werder sonde Zugieict 
Punkter in denen d Maximalkonzentration in det reinen Teilinterva ler Lange T « 
ttelt werden ka Es gilt dann sicher 
(frre 17) 
+ Fiir die maximale Konzentration am Erdboden wird kiinftig statt s* nur noch s gesetzt 
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Das Verhaltnis dieser beiden Konzentrationen ist Messdauerefiekt 
Eine experimentelle Bestimmung dieses Verhaltnisses durch Konzentrations- 
inter grossen Schwierigkeiten zu losende Aufgabe. Stewart, GALE und 


definiert worden ist 

messungen ist eine nu 
Crooks (1954) haben durch eine sehr geschickte Anordnung zur Messung der Ausbreitung radio- 


ler 


aktiver Gase einige quantitative Aussagen Uber dieses Verhaltn wenn auch nicht dasjenige der 


Bodenkonzentrationen nachen konnen Es sind die einzigen Daten dieser Art, die dem 


bislang bekannt wurde Leichter dirfte es jedenfalls sein, dieses Konzentrationsverhal 


indirekt durch Messung der meteorologischen Parameter bestimmen; diese — wegel! 


vorausgesetzten homogenen Turbulenz im ganzen Felde konstant ar gesene 


einem Punkte ermittelt zu werden. Aber selbst derartige Messungen und A 


ull 


noch aus, 


Fiir den Einzelfall lasst sich zunachs 


Ueber das Verhiltnis dieser beiden Konzentrationen ist 


rwartung mog Dabe rea wunscnhenswertes 


doch ist diese der Theorie 7 


die Grosse 


V(T|T*) 


srhdltnis zweier, Uber verschieden lange Zeiten gemessener Maximal- 


mit andern Worten Uber das 
konzentrationen, und zwar als telwert Uber unendlich viele gleichartige Konzentrationsverhalt- 
nisse 

Es erscheint wichtig fe tellen, dass die im Folgenden gen te antitativen Angaben Uber 


un Einzelfall ge | ne ‘ n als statistische 


den Messdauerefiekt 1 iur einen dDestimmten 
Aussagen vielmehr ein mittleres Verhalten dieses Effekte 


Anstelle von (15) ist al inmehr zu setzen 


wobei jetzt 


lautet (20 


Br| | 
Hy 
B, gibt die Bestandigkeit des Windes an, so wie sie als klimatologische Masszahl definiert ist (Skalar- 
wert des Vektormittels im Verhaltnis zum Mittel der Skalarbetrage der horizontalen Windgeschwin- 
digkeit). Allerdings werden in der Klimatologie zur Bestimmung der Bestandigkeit des Windes 
iry 


emessene Geschwindigkeitsvektoren — also bereits Mittelwerte liber die Dauer der Windmessung 
. 


ung ausbreitenden Gase 7 
Autor 

ler 
ger 
nur die Aussage mache 
nur cine statistische Aussage in der Form der 
(Sy) r* 
Vre(7 7*) 
unzugdnglich. Eine Aussage gestattet die Theorie jedoch iiber 
(18) 
(Sr*), 
Y (T) 
V.(7 | T*) (19) 
(7* 
Y_(T) (20) 
LIW (ir 
Mit den Abkirzunger 
Br (21) 
vi 
und 
(wor) ‘iy y am 
G7 Hy (22) 
(w.)}*. il, v.) 
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verwendet, sodass tatsdchlich anstelle von B, ein B, angegeben wird (¢ sei die Dauer der Wind- 
messung) 
Mit wachsendem T steigt Br von B, aus monoton an und erreicht asymptotisch den Wert 1.0 


lim Br 1-0 


sse Hr monoton von Null aus an und erreicht asymptotisch den Wert 1-0 


H,=0; lim Hr=10 
T= 


| (9) gehdrt diejenige, dass die Grund- 


(24) 


ialiger Benutzung von (24)] 


~ 


insetzen von (4) in (3) unter Verwendung von (24) liefert 


2AT* 


ULeRschen Kort 


Dieser Ausdruck ldsst sich umformen zu 


8 
Der Anteil Gr als Funktion der Mittelbilduneszeit 7 
Zu den fundamentalen Voraussetzungen der SUTTON- Forme 
str ng rein horizontal sei 
=0 
Hiermit wird folgende Identitat erhalten 
(w’.}. (Wr)’. 2 (25) 
Verwendet man hierin die weitere Identitat [unter nochmal]: 
wale =(w abs (26) 
SO Dt sich 
wr Ws 
beziehungsweise mit (2¢ 
Wendet man dies im letzten Term von (27) an 1 
so erhalt (27) die folgende Form 
(w'.}*. 2G (28) 
Definit onsgemass ist 
4 T/2 
4 
oder mit Verwendung der EGE clationsfunktio 
4 
I > 
R.(9) lim w' dt (29) 
A J 
4 
folgt nach Vertauschung der Integrationen 
r2 
2 
J 
- - 
T 
> 
(we dy (T -9){R,(9) +R, (-9)} dS 
T? 
0 
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sodass man wegen 


schliesslich erreicht: 


T 


Anstelle der Euterschen Korrelationsfunktion R,(9) werde deren Fouriertransformierte, die 
Spektralfunktion F,(v) mit v der Frequenz verwendet: 


x 


R.(9) (w cos (v9) ds 


0 


wodurch (31) die folgende Form erhalt 


In dhnlicher Weise ladsst sich auch der letzte Term von (28) umformen. Es ist definitionsgemass 


Eine Vertauschung der Integrationen liefert unter Beriicksichtigung von (30) 


Mit der Spektralfunktion a 


Einsetzen von (33) und (34) in 


Der lammerausdruck 
bestimmter Spektralbereich der 
Gr beitragt, ist in der Abt 
high-pass-Filters hat, Wirbe 
sichtigt; andere Spektralbereiche 
kinetischen Energie entspricht 
Unter der Voraussetzung 


~ 


entfallt in (28) der letzte Tern 
Beziehung 


(vergl. z.B. OGuRA 1957). Die Gewicht 
falls in Abb. 1 als gest 


9 
R.(9) =R,( - 9) (30) 
A T/2 
| 
R.(9)d9 
VOL r | 
19 I I ge 
sin (v/2)7 
} (v/2)7 
(28) licfert mit der Abkiirzung (22) 
sin (v/2)7 (v/2) TN 
Gr=| F,(v) 41-2 ) (35) 
\ (v/2)7 
ls dieyenige Gewicht nktior die angidt in weicher Masse ein 
netischen Energie der turbulenten Vertikalbewegung zur Funktion 
est t Mar ent, d diese Gewichtsfunktion die Wirkung eines 
Frequenzen, die kleiner dg 27 T bleiben nahezu unberiick- 
teuern etwas mehr Integral (35) bei a nrer tatsacniicnen 
(iv ) (36) 
4 
f sin (»/2) 
Ge=\ | ( 
(@/2)T 
funktion in diesem Ausdruck ist zu Vergleichszwecken eben- 
irgestellt e kommt den Eigenschaften eines idealen Filters 
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naher Man er unterschiedliche Wirksamkeit der Filter mit zunehmender 


Ausdruck dafur, dass die Voraussetzung (36) um so ener erfullt ist 


Mittelbildungsze 


0 
Mittelbildungszeit abnimm| cin 
e grosser die Mittelbildungszeit ist 
‘ 
j 
= 
j 
| 
ABB CGewichts! jusgez7ogene Kurve) K lammerausdruck in G! 35) 
gestrichelte A t die Gewichts! kthion mit der Vereinfachung (36) dargestellt 
D Ante Br als Funk ler Mittelbildungsze ] 
Die Bestimmung \ B (7) — dic 
orizontalen Koordinaten ihre Orientierung in Abhangigkeit von der NNEEit T andern 77 
. 
’ a 
Apne. 2 
Die Verwendung 4) fury ter der Mittelbildung ¥r gibt die Bezichung 
Die folgenden Bezeict ngsweisen werden aus der Abbildung 2 ersichtlic! 
vr. 
Es gilt 
ns 
] 
Mirth 
B 
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Aussagen liber das Verhalten der Grdésse g fiir den Einzelfall kGnnen nicht gemacht werden, wohl aber 
solche iiber eine Haufigkeitsverteilung dieser Grésse. Bei der Mittelbildung (38) soll dieser Umstand 


zu Nutze gemacht werden 


git) at n dq 


Welche Informationen liegen nun zur Bestimmung der Verteilungsfunktion Ar(g 

(a) Der Winkel « ist zufallig verteilt im Bereiche 0< «<7; die Verteilung vor 
der Mittelbildungszeit 

(4) Der Winkel £ ist verteilt im Bereiche O<8<-7:; die Verteilung ist von 7 derart lang dass 
fur grosse Werte von 7 kleine Winkel y haufiger auftreten. Dies bedingt ur grosses 7 
ein Winkel 8>- 2 haufiger ist als ein B< 7 2 
x ist nur méglich, wenn gleichzeitig 8 = 0 oder 
x 7 2 erfordert gleichzeitig f 0 


Wegen B 1-0 muss gelten 


lim (q).(T) 1-0 


(d) lasst sich fiir die Haufigkeitsverteilung Ar(q) folgern 


lim Ar(q) —0 


7 


hr( 1) = Max 


Aus der Information (+) und (e) folat 


lim Arid) 


lim | hriq)dq=10 


md 


worin 6 die Dirac-Funktion bedeutet Es kOnnen sicher sehr viele Verteilungsfunktioner angegeben 


werden, welche die Bedingungen (41)-(45) befriedigen. Nimmt man an, dass durch diese Bedingungen 


das Wesentlichste der Haufigkeitsverteilung Ar(q) festgelegt ist, und zwar so festgelegt ist, dass nach 


Ausfuhrung der Integration gem. (39) bei der Benutzung verschiedener Verteilungsfunktionen keine 
merklichen Unterschiede auftreten, so kann man sich fiir eine bestimmte Funktion entscheiden 
Mitbestimmend fiir die Auswahl dieser Funktion ist der Umstand, dass die Integration gem. (39) 


austiihrbar bleiben soll Unter diesem Gesichtspunkt wurde als Verteilungsfunktion, die den 


Bedingungen (41)-(45) geniigt, folgende gewahlt 
hr(q) 


worin der Parameter ,» eine lineare A bhangigkeit von der Mittelbildungszeit aufweist 


7 (47) 


Diese Festsetzung ist zundchst unbegriindet. Die Uebereinstimmung von Auswertungen der Funk- 


tion ¥, (7) mit den Ergebnissen von Konzentrationsmessungen scheint diese Annahme jedoch zu 
rechtfertigen. Eine volistandige Begriindung k6nnte nur durch umfangreiche Windmessungen und 
deren Auswertung nach der Grosse Br gem. (38) geliefert werden 


Die Verwendung von (46) in (39) liefert mit 


4 
i 
4 
(41) 
(42) 
(43) 
VOL. ' 44 
1) { 
4 
(45) 
q” ¢ (46) 
+2) 
™ dq 
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die Beziehung 


Zur Bestimmung der Konstanten c, und c, entnimmt man der umgeschriebenen Form (48) 


B 


0 folet 


ge Mittelbildungszeit zu verstehen, d angewandt werden n 
h (51) gegebenen Wert annimmt. Somit ergibt sich endgiil 


Bestimn 


Bereiche 0 


Der Winkel 


ur klemes J kle 
« =0 ist nur még 
Fir 7=0 muss 
Fir 


Haufigkeitsverte 


12 
Br (48) 
ja (49) 
fiir 7 mot 4” 
‘ ja (SO) 
1-B 
Mit (49) und (50) liefert (47) 
By B 
|-B |-B 
woraus flr den Fa 
B | 
(51) 
2-B 
pezien ingswe Ss 
| 
|_| 
Unter 7* ist dieier uss, damit das 
zugehorige Bre den « tig 
po + (TT, 
B (52) 
+1 +(TT, 
De inte H n der Mittelbilduns eit 1< 
[ec g (2 ch die Bezichungert 
i 
ne 
entnenme! lolgt 
(ir (i v«) 
L 
N hr wird wit rangehende Abschnitt verfahre Auct hie G i keine 
\ gen im E:inzelfalle glich, wohl aber solche uber die Hauligke erte z Die be! 
der Mittelbildung wieder benutzt werder Analog zu (39) erhalt i 
p*) n | dt $3) 
2A J 
Welche Informationen liegen nun zur der Verteilungsfunkt 
2) Der Winkel « ist zufallig verteilt im ER < « Diese Verteilung ist unabhangig ] 
ist verteilt im Bereiche 0 7. Vert von 7d hangig 
ne Winkel @ bevorzugt aultreter 
glich, wenn gleichzeitig auch i " 
(a) verschwinden 
Fur < g Ar(q) wird aus (5) und (d) gefoigert 
hr(O Max €4) 
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lim Ar( p) =8(0) 


-nzmasszahl benutzt 


aus dieser Beziehung mittels Beobachtungen VON Tf, 7 bestimmt werden, s« jen nstand 
u tragen, dass durch die Beobachtung eine etwas von der Definitior edene 
résse 7 geliefert wird 


Setzt man jedoch 


so ergibt sich nach einer Erweiterung n 


r(Br)’ 
Diese Beziehung wird in der Bestimmungsgleichung fiir c,/A,, verwandt, man erhalt 
(Bry = 


| 3 
aus (c) folgt 
lim Ar(p)=0 (56) 
p—> = 
a4 
(pidz (i ($7) 
Unter Hinw jul die ler Wahl von / 7) Dereits vorgevDracnte Argumente v die die 
Bedingungen (54)-(57) bef ligende Verteilungsfunktior 
exp (SR 
\ 
gewanit Fir den Parameter vird wieder! rm e Abhdngigkeit von der Mit jungszeit 7 
he Bemerkung zu Gl 47 lestgecicgt 
4 (59 
] 
worin die Konstanter ind ¢c, noch zu bestimmen sind. Die Verwendung von (58) und (53) liefert 
(p*), =~ (60) 
(59) in (60) liefert mit der Bedingung (57) 
A, 
VOL 2(i,. 
4 Mithin ergibt sich fiir die gesuchte Grosse H 
| A Ce 
(61) 
Zur Bestimmung der Konstanten c, werde die Turbul die folgendermassen 
cetir ert ei 
(ir x (ir 
(62a) 
(¥_) (¥,.) 
Hiermit ergibdt sich 
C4 
-1)1 
Soll ‘ 
Rechr 
Kenng 
(iy 
(62b) 
L (Vr)* Je 
(ir x | ai (ir x V'r)*, 
| 
L (¥r)?, (¥r)*, 
(63) 
Ty 
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Ist aus Messungen reer deine Mittelbild ingsze 


$o betert (63 inte ndung von (52) 


(Bey 
Hy Br) 


rausdruckes aus den genannten Beobachtungen ermittelt werden 


Folgenden noch gezeigt die Mittelbildungszeit I t in den 


welche bei der Bild ing des vorliegenden Wertes von 


rope 


in das sogenannte Turbulenzniveau r, 
*m. (63) bekannt sein muss 


gegeben is 


14 
7 dic Turbulenzmasszahl > >ermuittelt worden, 
‘= 7 

ezw. (61) lautet 
y.* 64) 
4 
Hierin kann der Wert des K larnme 
e Grosse vird dies eee 
Einheiten der Mittelbildungszeit 7 anzugeben, (ie 
B hur ler Win Kindigh B, und m Turbulenzniveau im 
Turbul 
] 62) det erte Turbulenzmasszahl + 
er, cine ¢ sc, Gk Bestimmung der Konstanten c, A, 
gezeigt werde isotroper Turbulenz mit B, auch stand, von 
velchem in (63) Geb ch gemacht werden soll 
Aus der Identitat (vergl. Abbildung 2) 
vy i vr) (i vr) (¥,) (i (i 
gt ch der Mittelbildung Uber eine unendlich lange Zeit unter Benutzung der Definition (21) und 
(¥ VC 
erstandix er erste Term in (65) von der durch Br definierten Grdésse verschieder 1 
ent echend de 4.2 gegebenen Bestimn g B, ein Zusammenh 
hieser 4 sx 
> 
im dq 
d 
Verwendet m= fine Verte gsfunktion Ar(g) die mit G 46) gegebene, so folgt 
(¥, 
oder mit (49 
2-B 
(¥_) (B 
Fir verschw et 65 wohl + nd rt, r,a ch 2(¥rv Da tur isotrope Tur- 
res tiert 
> 
2-B 
4 
oder 
H6a) 
B 2B, 2 
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beziehungsweise 


Diese Beziehung fiir das Torbulenzniveau soll in (64) verwendung find 


Die Funktion 
Fiir die gesuchte Funktion ¥,(7) ergibt sich aus (23) mit (35), (52) und (64) mit (66) 
folgender Ausdruck: 
JT * 
go +1+T7/T* 


ji 


Sin (v/2)T (sin (v/2) T\* 
*( yar) 


Eine Auswertung der Funktion ¥,(7) setzt also die Kenntnis der folgenden Gréssen 
voraus : 


die Spektralfunktion F, , (v), (68a) 
die Bestindigkeit des Windes B,, aus welcher gem. (49) der Wert fiir 4, folgt. (68b) 


diejenige Zeit 7*, fiir welche gem. (51) Bre By) (68c) 


die Turbulenzkenngrésse +, > fiir irgendeine Mittelbildungszeit gem. (62b) (68d) 
die mittlere Stabilitatsgrésse 1 der atmosphirischen Schichtung. (68e) 
Man entnimmt der angegebenen Bezienung (67) sofort 
lim ¥,(T)=1 


i 


ob jedoch die Funktion mit wachsender Mittelbildungszeit zu diesem Wert monoton 


iil 


abfallt - wie dies von der Physik her gefordert werden muss — wird eine Auswertung 
mit Messwerten zeigen missen. 


DIE AUSWERTUNG DER FUNKTION ¥,(7 


Einer Auswertung der mit (67) gegebenen Funktion (7) stehen insofern uner- 


wartete Schwierigkeiten entgegen, als praktisch fiir keinen der benétigten Parameter 


(68a)-(68e) befriedigende Messungen vorliegen. Obwohl solche zum gréssten Teile 
als durchaus méglich angesehen werden miissen, wird dieser Umstand nur dadurch 
verstandlich, dass einmal derartige Werte bislang kaum ben6tigt wurden, zum andern 


ihre Auswertung einen ziemlichten Arbeitsaufwand erfordert. Bei einer Auswertung 


der Funktion ¥,(7) muss also neben einer méglichst vollstandigen Ausschépfung 


dessen, was an brauchbaren Messergebnissen vorliegt, ein Einsetzen plausibler Werte 


weiterhelfen 


Die Auswertung der Funktion G, gem. Gl. (35) 


Eine Auswert ing der Funktion 


tezt die Kenntnis der Spektralfunktion 


Angaber uber die Forn des Spektrun S$ VOI 


] 3 
r, (66b 
« 
4 
19 
Gr | J <] 2 in n (v/2) 7 (69) 
(v/2)7 (v/2) 7 
) voraus. Aus jiingster Zeit liegen verschiedene 
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oder zumindest sehr langen Messreihe, wie dies von der Theorie gefordert wird. Einen zusammen- 


fassenden Ueberblick geben PANorsky und DeLAND (1958). Es zeigt sich, dass die Form des Spek 
trums abhdngt von der Héhe Uber Grund, der mittleren Windgeschwindigkeit und deren Scherung, 
der Rauhigkeit un sr Stabilitat der Schichtung. Es ware eine sehr schwierige Aufgabe, wollte man 


Teilmessungen zu jedesmal verschiedenen dusseren Bedingungen diejenige Form des Spektrums 


lestiegen die man Uber eine unendlich lange Messzeit erhielte 


Aus diesem Girt rd hier ein anderes Vorgehen fiir niitzlich gehalten Die Spektralfunktion 


(vy) soll analytischer Form vorgeben und durch nur wenige — etwa zwei — Parameter den Beob- 


angepasst werden Zieht man zur Bestimmung dieser Parameter die am besten fest 


Spektralverteilung heran, so diirfte unter den gegeben Umstinden die 


zweckmiassigsten Weise festgelegt sein Als Spektralfunktion erscheint 


stellenden folgenden Bed 


(0) 


aus der Definition 


Form des Spektrums in dcr 
geceignet 
itm 1) 
Diese Funktion erfillt die an sie in gungen 
lim 
(widhs 
Zur Festlegung cd P eter A Dieter cn e Moglichkeiten ar Bezeichnet w die 
Frequenz mit der may Energie, »w diejenige mit einem Wendepunkt in der Spektralfunktior 
die dem Schwerpunkt des Spektrur rugeordnete Freque nd eime fur den Bereich charakter Vi 
stische Frequen; veichem d 3-Gesetz erfullt ist (inert idbrange gilt 
ia 
” 
nm) 
m | 
(71c) 
A 
5 
vr (71d) 
A SA 
Fiir (71a) und (71b) ist dies leicht zu erkennen, fiir (7I|c) folgt es EE 
vF, 
ind (71d) ergit ler Ueberlegung. A 
\y,/ 
” 
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Beim Uebergang v,->v, und der Bezeichnung + vr (als der die Inertial subrange charakterisierenden 


Frequenz) erhalt man (71d). Zweifelsohne ist den Beobachtungen am leichtesten vy zu entnehmen 


Die Wendepunkte der Spektralfunktion und der Schwerpunkt des Spektrums sind nur schwer 


festzulegen: fiir letzteres ware eine numerische Integration erforderlich, die ihrerseits wieder den 
Verlauf der Spektralfunktion als bekannt voraussetzt. Zweckméassigerweise verwendet man als 


zweit Information noch diejenige Uber die Inertial-Subrange 


Aus (71a) und (71d) folgt 


Fiir vr findet man z.B. eine Angabe bei MCCRrEApy (1953). Danach soll das 5/3-Gesetz (im Falle 
einer sehr bodennahen StrOmung) in dem Spektralbereich von 2:5 cyl sec bis 40 cyl sec erfullt sein 
Dementsprechend werde als charakteristischer Wert angesetzt 

10 cyl sec 

Fir die Frequenz mit “m Maximalbetrag der kinetischen Energie (der Vertikalbewegungen) 
entnimmt man den verschiedenen Darstellungen den Wert von rund 100 cyl hr, Fluktuationen mit 
einer Periode von 36 sec entsprechend: es wird also gesetzt 

vu 2:7 10 


Mit diesen Werten liefert (72a) und (72b) 


Unter Einsetzen dieser Werte in die Spektralverteilung der Form (70) soll die Integration (69) 


gefiihrt werden. Nach Umformung des dritten Termes in (69) erhalt man 


ch die ADkurz 


sotern ein festz ilegender Wert fiir die Mittelbild ingszeit T nicht unterschritten wird (Z.B 


7 3 mir die Grosse po dere den Wert | 210° ant rfiillt damit sicher die Bedingune (7¢ 


Gr 


Hieru st wieder weger 76a ] (76b) der 


gesetz kann Diese rgebr kanr 


Nimmt ma intere (Cire Mittelbildungsz 


72a) 
3(vy ve) 
Sy ay 
79h 
m {/ZD) 
Stvy w) 
0-15 sec 73a) 
ma42-10 (73h) 
VOL 
‘ 
Fihrt man ung 
(74) 
ein, so ergibt sich nach Ausfiihrung der Integrationen fur G 
2 | , Sif [mm arctg (p/2) | Cos irctg ne 
Gr=1 \/ 9) 
pm 1) { 2) 1) 
Mit den in (73a) und (73b festgelegten Werten gilt 
1) (76a) 
(76h) 
).) Mit 
(76a) ind 76b) folgt a is (75) 
> 
= m 
ns Zweite Term gegeniiber dem Wert 1-0 vernachlassigbar 
Klein, sodass 
G | (77) 
7 = 3 min, so werden bei Durchfuhrung eine 
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und unbericksichtigt gelassen, die Frequenzen 


[Das setzt noch voraus, dass der Klammerausdruck 
Weise ausgefilterte Spektralanteil ist aber bereits 


ktisch nicht Anderr 


geworder 


yn WEGENER 


erhaltene Wert 


20 cyl hr sind 
K ksichtigung wurde das Ergebnis pra 
Die \ kt S2) setzt die Kennts ind 7* voraus, wobei gem. (50) und 
er B, abhingt Auswertungen \ Windregistricrungen zur Bestimmung der 
ts Vertasser k j gendweiche Dekannt Neben einer hier nicht 
cl Ang } Tropen von CONRAD ist 1 ne VC (1919) fiir 20 Balkan 
1 Auswertung cde W indbeobachtunger von Jul hier verwendbar 
W ENER @ le Bestandigkeit des Bodenwindes B 47 ar Der Veréffentlichung sind nerk 
I> ¢ \ reenon enen Windmessung entnenme! Da jedoch durch die Wind 
t Dere Mittelt jung Gurchgelunrt w 1, ist dieser Wert selbstverstindlich eine 
hiede Mitte jungszeit (etwa 5 min) zuzuordnet Eine Voraussetzung fiir dic 
\ ert RN Bw © eine Reihe von Windregistrierungen in einer solchen Art. dass dies¢ 
\\ Ivehk Mit t ut verscnhiede! inge soiut jedoch kurze) Mittelbildungszeite 
De tige Auswertungen mussten den Grenzwert erkenner iss der 
} irtige A wertungen ader noch ausstehen, dbieiDt nur die Moglichkeit 
Wert el Fur diesen wird unter Beriicksichtigung des or genannter 
BR 0-400 
H folet 
B, 0-625 
(ord wannt } mn WEGENER gegeber Wert B 0-47 einer Mittelt idungszeit 
1) W j get le neare Abhdngigkeit der Grosse B 
Mitte Werte B, ~ 0°62 } Z 607 min. Die Kenntr Gass diese Vi 
Abnangigkeit nt gestatitet Da t der einzige Ani der 
tzung gegetx inftig cl wird daher gesetzt 
; 
Fur den andern Para r foigt aus (50 t(/3 
pa ut 
Hiermit, sowie mit y t die Funktion Br festgclegt itet 
B ; 1) mir 
; 1) mir 
Die Auswertung der Funktion Hr gem. Gl. (64) 
Eine Auswertung der Funktion Hr setzt die Kennt folgenden G B 
sowie 7 D tzte dieser Grossen 7 best ve 
Auswertungen fiir + > Hierzu scheinen diejenige D gecig 
netste Den Tabelle 5.2 der einzelnen Messperiode \ } | WV tc ir] 
nd den Tabellen 4.1.8. die korrespondierenden Werte ir. | / beid , H 
entnommen und der Quotient (is)? gebildet. Als zugehdrige Mittelbildung 
T=12 min (7,<T<T,) gesetz. Sodann stehen zur endgiiltigen Mittelbildung (cigentlict 
unendlich lange Mitte jungszeit) 55 derartiger Quotient Verfugung vird d 
von gesetzt 
(vy? PF 
y7 
det 
« 1-103 10 
T 12 min R2) 
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Aus (78) in (66a) folgt unter der Voraussetzung horizontaler Isotropic 
4-500 
79a) und (79b) in (52) 
(B; 0-2663 


Benutzt man die in (81)-(84) festgelegten Werte, so gilt 


| OR66 


und gemass (64) erhalt man 


Die Festlegune des Werte 

jer fur alle Zeiten voraussetzur gemass a lar nzusehende meteorok 
der (nach dem SutTonscher nsatz) d all der GRANGEschen Korrelations 
Am zweckmassigsten verwendet n inet eiwert von eine n 
periode von LETTAI ind AVIDSON (1957) mitget *n Messergebnisse 
Festleg ing von » (z.B. au len mittleren Windgeschwind nins m und 
derartig festgelegten n-Werte erg el von 0-3. Ebenso gestatter 
BaRAD (1958) im gleichen Héhenbereich die Bestimmung von 71 n—-WERTEN 


ist In Uebereinstimmung mit diesen beidet 
gesetzt 


DER VERLAUF DER FUNKTION ¥,(T) GEM. GI 


Mit den Festlegungen (77), (80), (85) und (86) erhalt man aus (67) fiir die gesuchte 
Funktion 


5 +(7T 30) 
Y (T)=; ; [7] =min (87) 
; + (7 30) 
Der Verlauf dieser Funktion ist in Abbildung 3 als ausgezogene Kurve dargestellt; 


Einzelwerte enthalt die nachfolgende Tabelle 


t 


x 


6mir 


mM hv 
4 
4 


min 


10 min 


2 min 


20 


Der gesuchte Messdauereffekt 
Vid T;) kann gen (15) 
durch einfache Verhdltnisbil 

aus dieser Tabelle erhal 


en werden 


(84) 
= x 10? 1-10 
1? mir 
| | 10 
H 
gische Exponent 
chst lange Mess 
sstatten auch eine 
Hohe Aus 57 
Angaben von 
ren Mittel 0-331 
Auswertungen wird 
VOL. 67 
4 
> min 3.57 25 min 2-20 
3 min 3-90 30 min 2°16 
4 min 45 min 2-07 
5 mir | he 2°01 
— hr 1-9] 
2 hr 1-83 
47 3 he 1-7] 
| 40 4 hr 1-63 
min 25 6 hr 
12 hr 1-33 
ld 1-20 
id 1-O8 
4d 1-06 
ten 
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DER EINFLUSS DER ATMOSPHARISCHEN SCHICHTUNG 
AUF DEN MESSDAUEREFFEKT 


Es waren Griinde der Vereinfachung, die zu der Voraussetzung zwangen, den 
Exponenten nm (als Masszahl fiir die atmospharische Schichtung) konstant zu halten 
und durch einen Mittelwert # zu ersetzen. Es ist zundchst keine Méglichkeit zu erken- 
nen, bei der statistischen Erfassung der Funktionen Gr und Hy eine Variation des 


Exponenten n zu beriicksichtigen 


unktion ¥,(7) gen |. 87 (ausgezogene Kurve) 


weitere Werte von “” gem. Abschn 


Zumindest qualitativ wird jedoch der Einfluss der Schichtung zu erkennen sein, 
wenn man fiir n andere Werte als den mit (86) festgelegten benutzt. Derartige Aus- 
wertungen wurden durchgefiihrt fiir nm =0-25 (nach SuTTON der Fall der adiabatischen 
Schichtung), fiir n =0-42 und fiir n=0-50. Die Ergebnisse fiir ¥,(7) sind ebenfalls 
in Abbildung 3 dargestellt. Man erkennt, dass die Funktion ¥,(7) im Falle n =0-50 
nicht mehr monoton abfallt, wie dies von der Physik des Vorganges her gefordert 
werden muss; offensichtlich ist fiir diesen Fall einer sehr grossen Stabilitat (als Mittel 
uber eine unendlich lange Zeit) die vorstehende Theorie iiberfordert. Eine nahelie- 


gende Erklarung ist diejenige, dass fiir einen so hohen Wert von n auch mit andern 


Masszahlen fiir die atmosphirischen Str6mungsverhaltnisse +, u.s.w.) eingegangen 


werden muss 

Bei einer Anwendung des Ergebnisses z.B. im Falle adiabatischer Schichtung 
(n =0-25) erscheint es jedoch untunlich, die fiir n =0-25 ermittelte Kurve zu benutzen 
Diese deutet vielmehr nur an, in welcher Richtung der Messdauereffekt unter den 
gegebenen Verhiltnissen abweicht, die Abweichung selbst ist sicher wesentlich 
geringer. Der Messdauereffekt, so wie er angegeben ist, gilt eben definitionsgemass 
nur als Mittel iiber unendlich viele Falle; nur zu einem kleinen Teil dieser Falle wird 


der gerade beobachtete Exponent n (z.B. der im adiabatischen Falle) auftreten 


> 
Ase. 3. Verlauf der F 


Die Maximal-Konzentrationen eines sich in turbulenter StrOmung ausbreitenden Gases 


DIE UEBEREINSTIMMUNG MIT MESSERGEBNISSEN 


In der Abbildung 4 ist der Messdauereffekt fiir die drei Bezugszeiten 2 min, 3 min 
und 4 min in drei entsprechenden Kurvenziigen dargestellt. Weiterhin enthalt die 
Abbildung als Punkte die Messergebnisse von STEWART u.a. (1954), welche — wie schon 
vorher erwahnt — als einzige zur Priifung der vorliegenden Theorie geeignete Messdaten 
dem Verfasser bekannt geworden sind. Gegen einen Vergleich dieser Daten mit dem 
in Abb. 4 dargestellten Massdauereffekt erhob Dr. PasquiLt den berechtigten Ein- 
wand, dass erstere fiir die Konzentration in Héhe der Quelle gelten, wahrend der 
Messdauerefiekt fiir maximale Bodenkonzentrationen berechnet wurde. Lasst man 
gelten, dass mit zunehmender Messdauer das Verhaltnis der Konzentration zu der- 
jenigen bei der urspriinglichen Messdauer in gleicher Weise abnimmt, so erscheint ein 
Vergleich mit den genannten Daten dennoch gerechtfertigt. Da gegen diese Annahme 
zunichst kein gewichtiger physikalischer Grund spricht, auf der andern Seite auch 
keine andern Daten als die genannten verfiigbar sind, sollten sie wenigstens um eines 


Anhaltes willen zum Vergeich herangezogen werden kénnen 


Prifung de Theorie an 


Die Ubereinstimmung ist besser als erwartet, sie darf als eine mégliche Bestatigung 
der vorgelegten Theorie angesehen werden 


Auf der andern Seite lasst diese gute Uebereinstimmung sofort die Frage auf- 


kommen, welche Verainderungen der Verlauf der Funktion ¥,(7) bei einer andern 


Wahl der meteorologischen Parameter erfahrt, und inwieweit durch eine geschickte 
Wahl dieser Parameter eine Uebereinstimmung erzwungen werden kann. Eine 
Priifung dieser Frage wiirde einen erheblichen Aufwand an numerischen Auswertungen 
bedingen; diese wurden nicht durchgefiihrt. Da man infolge des Mangels an den 
erforderlichen meteorologischen Beobachtungen zur Annahme plausibler Werte 
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4. dien Messergebnissen von STEWAR 1954 


WIPPERMANN 


gezwungen ist, diirften gewisse ,, Freiheitsgrade “ fiir eine Adaption des theoretischen 


Ergebnisses an die Vergleichsmessungen vorhanden sein. Ob tatsdchlich ein derartiger 


Spielraum existiert, und wie gross er ggf. ist, kKOnnte wiederum nur durch eine Reihe 


numerischer Auswertungen festgestellt werden. Die im Vorangehenden im einzelnen 

gegebenen Begriindungen werden erkennen lassen, dass tatsdchlich die plausibelsten 

eingesetzt wurden und deren Wahl nicht durch eine méglichst hohe Giite des 

Ergebnisses bestimmt war. Vielmehr lasst der Umstand der guten Uebereinstimmung 

heoretischen Ergebnisses mit den Vergleichsmessungen vermuten, dass auch be! 

ahl etwas geiinderter Parameter, der Verlauf der Funktion ¥,(7) keine wesent- 
Aenderu! fahrt 

beiden un ersten Angaben sind ohne Zweifel diejenigen fiir B, in (78) und fiir 

(79a) r miissen durch Auswertungen von Windregistrierungen noch 

en werden, mit welchen dann die Theorie an Vergleichs- 

ire. Es wire wiinschenswert, wenn auch letztere zu dem 

hireicher als bisher zur Verfiigung standen. Dann erst 

acht werden; bis zu diesem Zeitpunkt aber wolle man 

egebenen Werte nur als Anhalt fiir den Messdauereffekt 


Arbeit von G. NONHEBEL “* Recommendations on 

neys ’ (Druck des Institute of Fuel, London W 1, 

1960) befindet sicl von P. J. MEADE gegebene Tabelle tiber den Messdauer- 
Leider lasst € rOffentlichung nicht erkennen, wie die Werte erhalten 


Werte mit dem vorstehenden Ergebnis zeigt eine 
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Abstract non-turduient | it model is found to be inadequate for the predic 


nogeneous nominal 100u diameter particles emitted fron 
of the particle size distribution increases, the turb 


for 


h 
so tnat ) in 


ass-diameter distribut large 


nly encountered in practice, the non-turbulent f: it model 
nass deposit even tho igh individual particies are inti enced 
In this circumstance, however, the range of particle sizes to be 


ling to the non-turbulent fallout model 


wi 


) are designed to test theoretical models incorporating the effects 


thatr rl } 


rge particles S essential tha early homogeneous pParticies He 


INTRODUCTION 


concerned with the turbulent dispersion of particles in the atmos- 

faced with complex and wide distributions of mass as functions of 

iC problen s and in the design of experiments to test various 

t is of interest to investigate the effects of the mass-diamete! 
ground deposition 

estigation of particle size range effects, in the present report 

deposit data obtained under approximately neutral stability 

red to RoUNDs’ (1955) solution of the Fickian diffusion equation 

the shortcomings of this approach to the 

have been discussed at length by many authors including 

(1958). No additional comments on these points are 

nodels which have been proposed in the literature, it 

analytic solution is the only one which rigorously satisfies 

and surface boundary conditions for falling particles from a 

re, if the gravitational settling speed of the particles is taken 

elocity, all parameters which appear in the solution can be 


yurse to the deposition data which is to be predicted 


ountered in attempts to obtain accurate deposit data 
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THEORY 


If the horizontal turbulent flux in the direction of the wind is neglected in comparison 
with transport by the mean wind, the two-dimensional Fickian diffusion equation 
takes the form 


(1) 


For a point source, # represents crosswind-integrated concentration, K, is the co- 
efficient of vertical eddy diffusion, W is the gravitational settling speed of the particles, 

is height above ground, U is the horizontal wind speed, and x is distance from the 
source in the direction of the wind. A solution to Eqn. (1) was obtained by ROUNDS 


(1955) for the special case in which U is approximated by a power function of the form 


l 


where vy, is the friction velocity, c and « are constants which are used to fit the approxi- 
mate power law to the logarithmic wind profile within the appropriate atmospheric 
layer, and z, is the roughness parameter. For a source emitting particles at a rate 0 
from an elevated point at height / above ground, the solution at ground level takes 
the form 


Ww: 
— (x exp (2) 
O ~hU,T(\-p) 
where D-=relative crosswind-integrated deposit 
crosswind-integrated concentration at ground level 
U,, = wind speed at the height of emission 


gamma function 


and where { mee 2+a, p (3) 


In Eqn. (3), A, 1s the coefficient of vertical eddy diffusion at height 4, and k is von 
KARMAN’S constant. The solution for falling particles is valid only under neutral 
stability conditions 


In the event that turbulent effects on the motion of the particles are negligible 


\ (4) 


where ( is the mean wind from the surface to the height of emission. Eqn. (4) repre- 
sents the single point of deposit which corresponds to the solution of the degenerate 
form of Eqn. (1) with K,=0 and W constant 
For a heterogeneous particle size distribution 
1 40 140 A) 
D = : (5) 
O Ax QO Ar Ax 
where, as before, D is the relative crosswind-integrated deposition per unit distance in 
the direction of the wind, and r is particle radius. In general, it is necessary to com- 
pute the non-turbulent fallout deposition in an approximate manner at discrete 


intervals from a specified mass-diameter distribution. However, for particles which 
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uniform tn size 


e, It 1s reasonable to approximate the terminal velocities of the 
ation of the form 


ar 


tants. In some instances, the mass-radius distribution mz 
rmal distribution 


exp 


is the standard deviation. With these approxin 


Jr and 4x tend to zero, Eqn. (5) becomes 
exp 


speed of particles of mean radius Similar expressions may be 


er mass-diameter distributions. In order to incorporate 


into the A theory equation for deposit it is necessary to sum 


ve discrete size intervals 


(4) and (7) that the deposition of polyd 


from that of monodisperse particles under 
rst place, the particles a 


and, in the second place 


Particies by a nea 
where @ and are con iv be 
approximated Dy al 
au i) {7 y) 
(6) 
if 
7 4 
1 the a 
(/) 
derived for certain 
particle size variations 
Vi 
\ 
\ 
\ 
\ 
. ~ 
\ 
= 
A 
E th liameter distril on the position of iN ground 
‘ out ec $3.4 j Tin 
eT tw p cipa non-turduient 
conditions In tne | swall the 
GITCCLION ine W © posilon aX GUeposit Is 
displaced towards yurce. These effects are precisely those produced by turbulence 
li we accept Eq d _onsequently, for large vaiues o i conceivadi< at the 
efiects of size variation equal or do nate the eflects of turbulence and that Eq (/) 
, 
nad - —_ 
and Eqn. (2) y ac parabdie results 
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The displacement of the position of maximum deposition may be considered quanti- 


tatively as an illustration. For convenience, Eqn. (2) will be referred to as the A 


7) will be termed the fallout model f 


theory and Eqn. ( The positions of maximum 


deposit, x,,, are as follows 
K-theory 


Fallout model (9) 
which were obtained from Eqns. (8) and (9) for various and 


Values of a 
Meteorological parameters corresponding to 


W are shown in Fig. | 
conditions and a mean wind speed of 5 m.sec 
Over the selected range of settling speeds, 
2-4 gms cm~* ranged from 1-4 x 10* 


on the position ol 


neutral stability 


emission 


from ground level to the 


height of 15 m were used in the equations 


the parameter a appropriate to particles of density 


Fig 


‘to 18 x 10* sec [he important role of the parameter 


maximum deposit in this particular example ts clearly demonstrated 


sec 


EXPERIMENTAI 


Before further consideration can be given to the effects of size distribution on the 
deposit of particles it 1s necessary to examine the validity of the model described by 
Eqn. (2). The results of a number of experiments with glass spheres of nominal 
diameter 100u are available for comparison with the prediction of the theory. In the 


were emitted continuously from a 15 m tower for periods 
to 60 minutes. The spheres were previously coated with fluorescent 


ranging from 45 t 
dye and samples of deposit were assessed under ultraviolet light in the laboratory 


Details of the experiments have been discussed by HaGe, DieHL, and DUDLEY (1960) 


3M Superbrite manufactured by the Minnesota Mir ng Company, St. Paul 
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Samples of bulk microspheres were sized by microscope and the results are shown in 
In order to facilitate comparison with a normal mass-diameter distribution 
The distribution is a narrow one with 


Fig 

the data are shown on linear-probability scales 
median diameter of 106°7u and a standard deviation of 6-8u 
nal velocities were computed for the size range shown in Fig. 2 using successive 

standard equations (see, for example, JOHNSON, 1954) 


nations based on 


) 24 


in still air 
glass microspheres = 2-42 gms cm 
=x gms cm 


VISCOSITY 174 poses 


represent average values for the experiments under considera- 


temperature of +6 C, a dew-point temperature of — 1° ¢ 


Empirical drag coefficients were obtained from Langmuir 
and Eqns. (10) and (11), for a size range which 


COTTCS| nd a 
and a pressur b 
and Blodgett (1946) From Fig 

n the experiments 


mass of particles used in t the parameters 


ncludes 98 per cet 


the values 


sec 


1 continuous source by taking into account variations 


ntervals which are small compared to the total emission 
to the time of flight of the particles. Eqn. (7) becomes 


(Wy Ay 
exp 


e $sion, /, represents the fraction of the total emission 
wind remains within specified limits with a mean value / In 
ments under consideration one-minute mean winds were 
The modifications to the original deposition curves 


le for the trial results given in this report 
ical parameters which occur in Eqns. (2) and (3) were evaluated 
zested by GopsON (1958). The observed wind profile was matched 


btain equivalence in the ratios of wind speed [ 


h, so that 


| (10) 
C,R 
R (11) 
where H terminal ve 
lencit 
wit SiLY 
density ol 
drag coefficient 
R Reynolds number! 
r =radius of the sphere 
and a which appear in Eqn. (7) (1a. 
10-* cn 1 
(12) 
afd d 
| (13) 
Assuming a constant ! 
time which the meat 
used in the evaiuation ol 
were found to Der 
Ihe meteorolog 
1iong the lines § 
to the power lav at height A to 
the mean wind speed 
| (14) 
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he friction velocity v, was obtained from the theoretical expression for the neutral 
wind profile 


(15) 


Inh 


A total of 25 wind profiles of duration 30 to 60 minutes from the surface to 15 m was 
used to obtain a value for the roughness parameter z,. The ratios of mean wind speed 
in the upper half of the layer to the mean wind in the lower half of the layer were 
arranged according to corresponding vertical temperature gradients. The observed 
ratio appropriate to zero vertical temperature difference between 8 m and 0-5 m was 


entered into the theoretical ratio of logarithms to obtain A constant value z, =8 


cm was adopted for the experimental terrain and height of emission. A value of 0-4 
was used for von KARMAN’S constant. The settling speed W was assumed to be the 
still air settling speed of glass spheres. Appropriate values were computed from 


Eqns. (10) and (11) 


RESULTS 


The results of three trials, which were conducted under approximately neutral 
stability conditions, have been analyzed for comparison with the theoretical models 
In each trial glass microspheres of mass mean diameter 106-7 « were emitted con- 
tinuously from a point source at 15 m over gently rolling prairie terrain. The trial 


conditions are listed in Table | 


TABLE | TRIAL PARAMETERS 


Parameter Trial | Trial 2 


Local Time (hrs) 1217 1120 
Duration of Emission (min) 60 60 
Emission Amount (gms) 672-7 427°5 497-0 


Surface Conditions } [ Ice patches Ice patches 


One-minute average winds at 6 heights were obtained with calibrated Sheppard- 
Casella electric contact cup anemometers. Temperature differences between these 
heights were measured with shielded copper-constantan thermocouples. Arithmetic 
mean winds were computed for each level for the period of emission. The mean winds 
for the layer between ground level and the height of emission were evaluated by 
graphical methods. A data summary is given in Table 2 

The microspheres were counted on adhesive sampling surfaces of dimensions 6:5 by 
13 inches. The crosswind distribution of particles on each sampling arc was approxi- 
mated by rectangular elements of width 1-0 m, length equal to the spacing between 
samples, and height equal to the deposit density as measured by the sample at the 
central point. Crosswind-integrated deposits were obtained by summing the mass 
content of all such rectangular elements on each sampling arc. The area under the 
curve of crosswind-integrated deposit as a function of distance from the source 


provided an estimate of the total recovery 


- 
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METEOROLOGICAL PARAMETERS 


Mean Wind Speed (m.sec™') 
Trial | Trial 2 Trial 3 


Height (m.) 


2-49 
3-05 
3-65 
4:24 


a9 
23 


riction Veloc ty 


} 


aw | xponent 


Height Wind 


see 


ry 


In Table 3, the predicted deposits Dy of the K theory, and the deposits D, of the 


fallout model are con pared to the observed deposits D All deposits have been divided 
by the source strength Q. The fitted normal mass-diameter distribution defined by the 


straight line in Fig. 2 was used in the computation of D,and D, 


Taste 3. Deposit DATA (n 


Although the predictions of ROUNDs’ solution to the K theory are far from perfect 
they are clearly superior to the predictions of the non-turbulent fallout model. In 
each instance the A theory deposit curve is not as sharply peaked as the observed 


w 
TABLE 
0-5 2-32 2-90 
1-0 2-83 3-47 
2-0 3:31 4-16 
4-0 4-02 4-27 
8-0 M 5-72 || 
16-0 6-05 710 6°76 
Mean Wind (m.sec ) 4-57 5-4] 4:93 
Temperature Difference 
4m—0:5m C.) 0-6 0-1 0-4 
0-46 O51 
Power LEE = 0:30 0-28 0-33 
Emission 
§-94 6°93 6°57 
Distance from Source (m) 
Tria 
27-4 45-7 73-2 100- 205-7 40):3 
D )-3 6:5 1-4 0-1 
Iriall 0-3 3-1 61 §-7 4:5 20 0-4 
D 0-0 00 0-0 isa 16°6 0-0 0-0 
D 0-0 0-0 1-1 63 6-0 2°5 0-2 
Trial ? D, 0-1 1-8 4-5 4-9 4:3 ?3 0-6 
D, 0-0 0-0 0-0 0-0 28:1 0-0 0-0 
0-0 0-0 1-5 6°8 1-6 0-2 
Trial 3 D;, 0-3 26 5.3 4-3 0-§ 
D, 0-0 0-0 0-0 ?3 30-6 0-0 0-0 
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curve; a result which may be due in part to the circumstance that all of the experiments 
were carried out under slightly stable conditions. 

he effect of variable size distributions on the position of maximum ground deposit 
was illustrated in Fig. 1. If, on the basis of the results in Table 3, the K theory is 
accepted as a reasonable approximation to the observed ground deposit, it is possible 
to examine the effect of variable size distribution on the magnitude of the peak deposit 
or on the degree of spreading of particles in the direction of the wind. In Table 4, 
Dx and D, are compared for various values of o, under conditions which are otherwise 
identical to those of Trial 1. 


TaBLe 4. Deposit DATA (mg/gm/m) 


Distance from Source 


(m) 
45-7 3-2 100-6 115-0 


Dg 31 
Dy, 0-0 


Dx 29 
D, 0-0 


Dx 4-0 
D; 1-3 


Normal! mass-radius distributions with standard deviations o, =3-4u, 10u, and 20, 
and mean size 7 = 53-44 were used in the deposit calculations for Table 4. The true 
distributions were approximated by 30 discrete elements with appropriate mean radii, 
and with mean settling speeds derived from Eqns. (10) and (11). 

It will be seen in Table 4 that, as o, increases, Dp approaches D, both in regard to the 
position of maximum deposit and in regard to the magnitude of maximum deposit or 
the degree of spreading along the x axis. It is evident that the dispersive effects of 
turbulence on the ground deposit of particles under neutral conditions may be 


obscured to a large extent by the effects of the non-uniformity of the particle sizes. 


Consequently, in experimental studies which are designed to study turbulent dispersion 
or to test dispersion theories, it is essential that o, be kept small. Conversely, under 
certain circumstances, a simple fallout model may provide adequate predictions of 
mass deposit of particles even though individual particles are markedly affected by 
turbulence 

Ihe foregoing conclusions are based on limited data and on quantitative arguments 
for special cases only and, as a result, are severely restricted. It is hoped, however, 
that the results are indicative of some of the possible dangers involved in the interpre- 
tation of heterogeneous particle data from the viewpoint of turbulent diffusion. 
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Abstract—An empirical investigation of the form of the vertical profile of gas concentrati 
that Sutton’s suggested parameters have somewhat limited applicability The term exp( 
examined for values of a and B. The findings indicate that the value of 2-0 for a, as suggested by 
SUTTON, iS an Overestimate except in fairly stable conditions. Values of 1-5 seem more appropriate 
for near neutral conditions and values less than 1-5 for unstable conditions 

The data used for this study were obtained during Project Prairie Grass, a field program in diffusion 
conducted over short grass on level prairie land. The observations were made at 100 metres from the 
source to a height of 17-5 metres Forty-one cases are discussed during which the wind speeds at 


two metres varied from |°4 to 9-4 metres/sec 


| INTRODUCTION 


THE most frequently quoted hypothesis for describing diffusion from a continuous 
point source is that due to SUTTON (1953). One of the features embodied in this 
hypothesis is the assumption that the vertical distribution of concentration y at any 
point (x, y) in the horizontal plane downwind of the source (located at (0, 0, 0)) 
follows a Gaussian curve. That ts 


= x9 exp ( 27/20," (1) 


where y(z) is the concentration at height 
¥» IS the concentration at the ground and 

s.* is the vertical variance of the concentration 

SUTTON has pointed out, however, that Equation | is not a unique solution of the 
theoretical equations from which it stems. Actually the exponential term could be 
of the form exp ( — z*/B) (with certain restrictions on a and B which need not concern 
us here) and still satisfy the theory. The purpose of this paper is to examine the 
values of a and B obtained from some experimental data to see if, in fact, the Gaussian 


assumption is supported 


data used in this study were taken during Project Prairi 
program designed to investigate diffusion from a continuous 
Descriptions of the program have appeared elsewhere in the 
found in E_tiott (1959) and a complete one in BArap (1958)) 


germane to the present st idy will be discussed 


2. OBSERVATIONS 


[he sampling network consisted of ground samplers along arcs at various distances 
from the source and 6 towers on which samplers were also placed. These towers were 


located 14° apart on an arc 100 m from the source with samplers at heights of 0-5, 1-5, 


2:5, 4-5, 7-5, 10-5, 13-5 and 17-5 m above the ground. Sulphur dioxide was emitted 


int. J. A nd Water P Perga Pre 1961 \ 4¢ Printec Great B 
e Gras I his project was a heid 
source natural conditions 
erature (a Oriel Gescription can De 
that only the part of this progran 
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height of 46 cm for 64 releases and 150 cm during the last 6 releases 


was flat prairie land with a 5-6 cm grass cover 
10 gas releases data from the towers were available for only 50 
3 of these 50 releases the cloud just barely touched one of the towers 
ncluded in the study. One more release was rejected because 
rom some of the samplers. Five more releases were not included; 
t of the cloud was too low to be recorded on enough samplers to 
s to be made and 2 because the vertical distributions were too 
ngful calculations. Thus in all 41 of the available 50 releases 


Of these 41, 20 were made during unstable conditions and 


THOD OF ANALYSIS 


vertical concentration of gas at any point is assumed 


v(z) = exp ( — 2*/B) 


be determined from the data 


ncentrations at two separate levels z, and 2, values of 


B 


inated by computing another ratio from a different 


yr values of @ by tral and error methods. Once 


e calculated for any pair of heights using Equation 3 


anner for each of the 41 runs. In 


alues at specified heights, two sets 


were used and tn the other set observa 
an value of a for the lower set was 
1¢ mean value was 1-45 
The medians for both sets were 1-50. For the lower 
equaled or exceeded 2-0 and | individual value exceeded 2-0 

the lower values were less than 1-0 and in the | 
ilts indicate practically no variation of a over 
used. When the two sets were combined the average value of a was 

a standard deviation of 0-28 


these values of a were plotted against the Stability Ratio (defined as 


‘4 
The observing site 
Of the total ol 
releases. During 
ana these 5 were |} 
data were missing 
because the heig 
illow computatio 
erratic to permit 1 
were used in this study. [777777777 
curing stable conditions 
In the following analysis, the {Jay 
to be given by 
(2) 
where a and B are to 
Considering the co 
n (3) 
y(z.) | 
pair of heights, say z, and Thus 
(4) 
} } 
4 RESULTS 
Values of a and B were computed in the above 
ol e1gnts were Chose! 
In one s 
tions at | 
1-50 witl 
with a Sta 
set 3 indiy 
aiuces We 
the height 
1-49 with 
Wher 
» 
SR ik 10 C/(cm/ (5) 


The Vertical Diffusion of Gas from a Continuous Source 


where the subscripts refer to the height in metres of the temperature (7) and wind 
speed (U) observations) a slight indication that the value increased with increasing 


stability was found but the scatter was much too great to define a functional rela- 


tionship 
In order to represent the results graphically values of B were computed for values 
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L-4, 1-5 and 2-0 using equation 3. Values of B showed little tendency to vary 


height when computed using a = !-4 or 1-5 being about 10 per cent higher in the 


latter case. However using a=2-0 produced values of B distinctly varying with 
height; the averages for the 41 cases being 22-8, 28-8, 37-0 and 50-7 for the height 


intervals 1-0-2-5, 1-5-4-5, 2-5-7-5, 4-5-10-5 metres respectively 


These results can be seen more clearly by examining Figs. |—4 where the ratios of the 
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concentrations at height z to the concentration at 0-5 m have been plotted.* The 


four lines represent the observed ratios and the ratios computed from a = 1-4, 1-5 and 


20. In computing the ratios with a= 2-0, an average value of B for the four height 


pairs was used. The fact that the a=2-0 line crosses the observed line near 7-5 m 
* The appendix contains data for 22 of the 41 cases. These cases represent the smoothest observed 


profiles. 
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is a result of the particular choice of B. Had some other value of B been chosen a 
different crossover point would result. However, one can easily see that a value of 
2-0 with B adjusted to give some sort of best fit will result in an overestimate of the 


concentration in the lower levels and an underestimate in the upper levels 


Fic. 4 


Figs. 1-4 clearly show that an exponent of 1-4 or 1-5 fits the data better than 2-0. 
Figs. | and 2 present data taken during unstable conditions and Figs. 3 and 4 stable 
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conditions. Figs. | and 3 are runs where one or the other line was a close fit to the 
data and Figs. 2 and 4 present some of the poorer fits. In general, most of the runs 
fell somewhere in between these sets of examples with respect to goodness of fit. 
In 4 of the total of 41 cases, the plot based on an a = 2-0 was a closer fit to the observed 
ratios than a=1-5 or 1-4 

In examining these graphs the reader can see that a= 1-4 seems to fit data better 
for the unstabie runs and a= 1-5 better for the stable runs. In general, this pattern 
was noticed for all the runs. Graphs, such as those shown, were plotted for all 41 
cases. When these 41 runs were (subjectively) split into two categories — a = 1-4 better, 
or a= 1-5 better — it was found that a = |-4 was better in 14 unstable cases and 4 stable 
cases, and a = 1-5 was better in 15 stable cases and 4 unstable cases. Two stable and 
two unstable cases were indeterminate. This evidence points to at least a slight 
dependence on stability of the exponent a 

As an alternative to allowing a to vary we can consider using a fixed value of a and 
allowing B to vary. If the values of B calculated using a = 1-5 are plotted against the 
Stability Ratio, the variation shown in Figure 5 results. Although the scatter is large, 
B evidently decreases with increasing stability 


DISCUSSION OF RESULTS 


[wo main questions concerning the above analysis need to be answered. These 
questions are (1) Sutton’s original form presumes the source to be at the ground 


while the source was elevated during these runs. Does neglect of source height cor- 


rection affect the results? (2) Was there appreciable deposition of the gas between 
the source and the 100 m arc during the runs? 
Question | will be treated first. For an elevated source Sutton transforms Equation 
| to 
x(z) = xolexp ( —(z +h)*/20,*) + exp ( —(z —h)?/20,7) (6) 
where / is the height of the source. 
If the method of images employed in arriving at Equation 6 is applied to Equation 
2, we get 
= x,lexp ( B) + exp ( —A)*/B) (7) 
If the terms (z +/)* are written 2*(1 + 4/z)* and expanded in series with only the first 
three terms retained, Equation 7 can be written (for / less than z) 


ah z ah 
x(Z) = Xo 4 ? (*) + €xp B 


After some manipulations, Equation 8 can be reduced to 


a(a — 1) /hA\*) 1. ahz* 
= Xo exp| | | 2 cosh ( B 


So if the ratio of y(z,) to x(z,) is formed, the result is 


Z,* —2z,*] {cosh a(a — 1) 

B cosh |(a/2B)z,* 2B 4 
if h is taken as 50cm. The term in braces represents the effect of the elevated source 
A few trial-and-error solutions for a and B using Equation 10 were obtained. These 
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re compared with values obtained by using Equations 3 and 4 
ential difference. Thus, for our particular case, the fact that the 
t at the ground made little difference in the calculations. In 


values of a and B obtained from the trial-and-error methods, 11 


term in braces represents only at worst a 2 per cent correction 
eights used 


concerning the amount of deposition, cannot be answered con 


‘ral tact 


rs indicate that deposition is probably negligible 


arc should 


| uyd 


. 


ervations of the wind speed u, and the concentration, y, at 
ivailable, the term uy can be only approximated by & 7 which 
inversely related, would result in an overestimate of uy 
ertheless, numerical integration of Equation || was carried 
ition. If the results of this integration were values of Q less 


he source strength we would have had an indication that deposition 


was important. However, the results gave Q’s from 10 per cent-25 per cent 
greater (with a median of 13 per cent) than the source strength Thus, all we can 
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conclude from this is that the error in Q would probably have to be greater than 10-15 
per cent in order to indicate deposition 

Iwo other points are worth mentioning. BARAD and HAUGEN (1959), who were 
concerned with deposition, state that visual inspection of the site revealed no evidence 
of grass damage due to uptake of SO, after the actual experiments were begun 
Furthermore, if Sutton’s form were correct in the absence of deposition we would 
expect, if deposition were important, the data near the ground to show a less rapid 
decrease with height than Sutton’s form. Inspection of Figs. 1-4 indicate just the 
reverse—a greater decrease with height than predicted by Sutton. These observations 
indicate, at least to the present writer, that the shape of the vertical profiles of con 


centration was relatively unaffected by deposition of SO* 


SUMMARY AND CONCLUSIONS 


The major purpose of this paper has been to investigate the validity of Sutton’s 
original assumption concerning the value of a. The assumption that this value is 2-0 
seems to be valid, based on these results, only for moderate values of positive stabilities 
In the above comparisons it was found that for only 4 of the 41 cases available for 
study was a value of 2-0 better than 1-5. Also it will be recalled that 5 of the original 
50 cases were rejected for reasons other than lack of data. Of these, 3 were rejected 
because the height of the cloud was not sufficient to calculate a value of a. This would 
indicate a rapid decrease in concentration with height and probably, were it possible 
to compute an a, their values would also have been close to 2-0. In examining these 

cases collectively they represent 7 of 9 most stable periods during which vertical 
measurements were made. On this basis one concludes that the value of 2-0 for a may 
be valid during cases where the Stability Ratio is greater than 1-0 (this corresponds to 
a Richardson Number at 2 metres of roughly 0-04) 

[his study indicates further that a value closer to 1-5 would be more appropriate 
during slightly stable and near neutral conditions and values less than 1-5, perhaps 
as low as 1-0, in extremely unstable cases, than the usual assumption of Gaussian 
distribution throughout the entire range of stability conditions 

In closing, the conditions under which the observations were made should be 


stressed. Observations were available only at 100 m from the source and the highest 


observation was at 17-5 metres. The experiments were conducted over quite 


land with short grass. The wind speeds varied from a low of 1-4 m/sec to a hij 


9-4 m/sec (measured at 2 metres) 
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SOME OBSERVATIONS ON SMOKE PLUMES 


G. T. CSANADY 
University of New South Wales 
(Received 13 June 1960) 


Abstract—The plume at Tallawarra power station was photographed many times to obtain the mean 
position. The observations were plotted in terms of appropriate nondimensional variables and 
compared with the observations of BosANQUET ef a/., as well as the theoretical results of PriesTLey 
and Sutton. Within about 1500 ft. from the source good agreement with theory was found. The 
asymptotic plume height was found to be given crudely by the formula 


250 


where U is wind speed, F * flux of buoyancy "’, a variable proportional to heat flux 


METHOD OF OBSERVATIONS 


THE smoke plume of Tallawarra power station was photographed a number of times, 
the negatives projected on a screen and the mean plume path traced. Superimposing 
several photographs taken under identical conditions a ** time-mean path ” was found. 
The minimum number of photos used to obtain one curve was 3, the maximum 31. 
The length scale of the photographs was obtained from the 288 ft. tall chimney stack 
of the station, which appeared in all exposures 

Wind velocities were measured by noting the time taken by a given configuration in 
the plume to travel a known distance. This was done several times on each occasion, 
using a stopwatch, the distance timed being of the same order of magnitude as the 
maximum distance at which the plume was observed. If there was variation of wind 
with height, the figures represent mean values. Other atmospheric variables were not 
measured, but all observations were carried out on clear spring days in moderately 
strong wind. Most plumes were photographed over substantially the same piece of 
flat terrain which could be observed from a conveniently situated range of hills. One 
plume (curve d in Fig. 2) was travelling in a roughly 180° opposite direction, where the 
terrain dropped somewhat just past the power station. 

Tallawarra is a base-load station and during the observations carried an approxi- 
mately constant load of 130 MW. Operational data of interest were 


gas flow 3950 ft® sec 
gas temperature 290° I 
gas flow reduced to NTP 2765 ft *sec 


gas velocity in chimney 12 ft/sec 


The station is situated in a rural area, on the shores of the Tallawarra lake 


DIMENSIONAL ANALYSIS 


Let vertical distances, z, be measured from chimney top, horizontal distances along 


wind, x, from the chimney centre. The mean path of the plume is then a function 
z(x) and it may be assumed to depend on (Scorer, 1959; BATCHELOR, 1954): 
4] 
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(1) Wind speed 
ui) Gas velocity in chimney, 
(i) Chimney radius, R 


(iv) Buoyant acceleration at chimney 


density of effluent 


density of atm. ai 


v) Atmospheric variables, such as scale and intensity of turbulence and tempera- 
ture gradient. As no data were recorded, these will be assumed to have been 
constant, i.e. they will be left out of the analysis 

The effect of the ground on plume rise will be neglected, which means that chimney 
eight will not be regarded a significant parameter. This assumption is justified as 
ne diameter is small compared with height above ground. This was 
approximately true in the observations reported herein, except those concerning 
asymptotic height 
Using the buoyant acceleration 4, we first define “ flux of buoyancy ” F, propor- 
tional to the total heat flux, which, at large distances, ts the only * source variable * of 


mportance 
wR*h 
istic length | 


This is the better choice for a length-scale: the alternative, the chimney radius, 
nnot have an influence on plume path at large distances. With the aid of this length 


tance variables may be made nondimensional | r | R | An 


appropriate variable containing efflux velocity is the ** Froude-numbet 


Rv 
Rb 
us combination is: ratio of inertia forces to 


these variables one may write 


Rw R 


nay expect that the influence of R | and Rw* F becon 


At still larger distances the plume often turns horizontal, 1.c 


const (5) 


lt must be recalled here that atmospheric variables have been assumed constant 
he asymptotic height, if any, must be strongly influenced by atmospheric conditions 


4x 
vhere 
scale the 
he physical meaning ol 
forces at the cl ney. With ee 
| } (1) 
At large cs negligible 
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Theoretical formulae (e.g. BOSANQUET ef a/., 1950; SuTTON, 1953; PritsTLey, 1956) 
suggest that the asymptotic height in a neutral atmosphere ts infinite 

Where the asymptotic formulae, Eqns. (2) and (3) hold, the effective origin of z may 
have to be moved to allow for a * momentum rise ” 


RESULTS 


(a) At x /<2,000. Fig. | shows the observations at Tallawarra (dots) and also 
those of BosaNquet ef a/. (1950; triangles) in a graph z/ against x /. The values of 


the ** Froude number ” were: 


Tallawarra BOSANQUET (1) (2) 
Rw 11-3 11-4 19-2 


The dots separate from the rest represent the one plume observed in the 180 
opposite direction, and the peculiar shape may be attributed to the drop of the terrain 
The remaining dots and the triangles representing the plants BOSANQuET (1) and (2) 


group around a single curve up to about x /=300. At higher x/ only the plume 
BoSANQUET (3) remains with the Tallawarra plume, the BOSANQUET (1) plume being 
much lower. At x /= 1200, for example, z / = 260 for Tallawarra, 160 for BOSANQUET 
(1). This discrepancy must be attributed to different eddy diffusivity 

[he plumes BOsANQuET (3) and (4), but particularly the former, show the effects of 
the Froude number, Rw* F. The black triangles well above the Tallawarra plume 


belong to the plume BosANQueT (3); deviations on the low side represent the plant 


BOSANQUET (4). The excess temperature in plant BOSANQUET (3) was only 25° C and 
the relevance of the length-scale / must in this case be doubted. That plume is 
dominated by initial momentum and the readings do not fit well into the scheme of 
(Fig. 1) 
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The limits of the photographic observations were set by the plume 
se to be located accurately on the film. This, however, did not 
an entirely gradual process; much rather a certain instability seemed to 


e distance from the source, leading to a relatively rapid break-up of the 


narate smaller parcels of smoke 


ne could te 


by crude visual observation (which however. extended to 


wind distance on some occasions) the plume reached an asymptotic 
break-up and turned horizonta 
An order 


wind speed Is 


at levels where an inversion 


lid 
1! magnitude estimate of the asymptotic 


height 


Wind speed, ft sec 
Asymptotic height ft 


the asymptotic height one may write 
250 


gives asymptotic heights 
reasonable agreement with observation 


speeds quoted above this g 


The observed results are in Fig. 2 compared w 
heoretical formulae, due to PriestLey (1956), SUTTON 
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In Fig. | the full curves shown are according to PriestLey’s theory, with c = 1-0 and 
1-87 respectively. In Fig. 2 c= 1-1 has been used. It is clear that this theory is quali- 
tatively correct and that the constant c is a useful device for taking into account 
atmospheric influences 


rhe simplified Sutton theory may be expressed as 


(6) 


where the constant K has the value of 1-7 when fitted to the observations of BOSANQUET 
etal 
Again this theory is qualitatively correct, but in order to fit the Tallawarra observa- 
tions the constant K has to be assigned the value 2-2 
The Bosanquet formula is asymptotically equal to 
= const log 
i i 
Chis formula fits the observations less well, particularly at larger distances 
It is to be noted that all theoretical formulae are only valid in a neutral atmosphere 
and that they all predict an infinitely rising plume. It is certain, however, that with 
the * break-up ” of the plume a new flow-regime sets in and the above formulae cease 


to hold. Priesttey (1956) has recognized this and proposed his * second phase ”” 


theory. The practical application of this theory is defeated by the lack of a rational 


estimate for the transition point 
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NOTE ON THE EFFECT OF THE WEEKLY CYCLE 
OF AIR POLLUTION ON SOLAR RADIATION 
AT TORONTO" 


C. L. MATEER 


Meteorological Service of C; Toronto 


(Received 9 March 


Abstract tion measurements at Toronto are analysed to detect any pos- 

lay and average weekday radiation and thereby estimate the 
uir pollution. Sundays are found to average higher by nearly 
per cent level There is also some evidence 


the 


licates significance a 


nce in recent years 


[HE effects of air pollution on radiation in the atmosphere have been discussed recently 
y SHEPPARD (1958). Solar radiation measurements may be used as a crude index of 
air pollution by comparing measurements taken at adjacent polluted and unpolluted 
places and or by comparing variations at one place from time to time (Leicester 
1945). HAND (1949) and CHURCH (1952) have presented clear evidence of the 


ing the former technique. The latter type of study, however, requires 


110n efiect using t 


engthy series (10-20 years) of measurements so that the random effect of day 


weather changes may be removed 


y continuous measurements of total solar and sky radiation have been made at 


Meteorological Office, Toronto, since October 20, 1937, with an Eppley 180 


pyrheliometer (sensing surface horizontal and exposed to the entire sky hemisphere) 
20 miles along the north shore 


The lake is 245 feet 


The metropolitan area of Toronto stretches for some 


ing about 10 miles inland at some points 


Lake Ontario, reacl 

el and the terrain rises irregularly to the north, attaining an elevation of 
t 560 feet within 5 miles of the shore. The main railway yards and a good deal of 
ust north of the lake shore. The area of rising terrain adjacent 


provides a natural location for inversions and the accumulation of air 


industry are located 


The Meteorological Office is located very near the east-west centre of the 


of the lake at an elevation of 379 feet. Although very centrally 


ly adjacent to any pronounced source of industrial pollution 


ocated, it is not immediate! 
the existence of a weekly cycle of industrial pollution at this 


In order to detec 
Through- 


re the radiation on Sundays with that on weekdays 
wd, the average radiation on Sundays was 313-8 langleys 


cm*) and on weekdays was 305-2 langleys, a difference of 8-6 


As a test of significance, the average Sunday and the average 
For the 


were computed for each month of each year of record 


rd, the Sunday radiation was greater than the weekday in 154 


(154-131) (108-131) 
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Thus, with no difference between Sundays and weekdays, the chance of getting a ,? 
as great as 8-08 is less than 0-5 per cent. We would, therefore, reject the null hypo- 
thesis and conclude that there is a real difference in radiation between Sundays and 
weekdays, although the magnitude is rather small 
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Average increase in solar radiation on Sundays (4Q) as percentage of 


average weekday radiation (Qw) for each month of the year 


Fig. | shows the increase in radiation on Sundays (4 Q) as a percentage of the average 


weekday radiation (Qy) during each month of the year. For the heating season 
(October—April, inclusive), the increase averages 6-0 per cent, and only 0-8 per cent 


during the remainder of the year. In an attempt to detect any possible change with 


2. Average increase in solar radiation on Sundays (4Q) as a percentage of the 


annual average weekday radiation (305-2) for each complete year of record 
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Abstract 
The reactants were 
t one atmosphere 


ing second 


stretch 
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aicohols tormed through o lation reactio 
bservable 1 1 yi the reactions support the conclusion that 
oxidation ri r than by nitration processes. The available results 
ippreciab iounts of fert.-nitrocompounds, conjugated nitro-olefir 


The reactivities of tl ylefins with the nitrogen oxides 


pentene-| 


INTRODUCTION 


ALTHOUGH a considerable amount of work has been done on the liquid phase reactions 
of nitrogen oxides and olefins (RiepsomerR, 1945; Gray and Yorre, 1955; Brown, 
1957) relatively little consideration has been given to the corresponding gas phase 
reactions (GRAY and Yorre, 1955; CoTTrRe._t and GRAHAM, 1953, 1954; Brown, 1957) 
[here appears to be little information on these reactions at low partial pressures of 


reactants in the gas phase. The dark reactions of nitrogen oxides and olefins at low 


concentrations may be of considerable importance in both high temperature combus 


tion processes and atmospheric reactions. Furthermore, the reactions which may 
occur in automobile exhaust mixtures containing nitrogen oxides and olefins can pre- 
sent serious analytical problems (HURN ef a/., 1958a) if grab or adsorption samples are 
allowed to stand prior to analysis 

Some preliminary measurements were made on the products of the reactions between 
nitric oxide and various olefins. Most of the work was concerned with the reaction of 
nitrogen dioxide with 2-methylbutadiene-1,3, 2-methylbutene-2, and pentene-| at 
room temperature. Owing to the small amount of products formed, isolation was not 
practical. Even when fractionation and liquid chromatography over alumina were 
possible, decomposition and explosion resulted (BROWN, 1957). Instead, the products 
were identified by use of infrared spectroscopy, colorimetry, ultraviolet spectroscopy, 
and gas phase chromatography applied to the entire reaction mixture 
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The major difference between liquid phase nitration processes and gas phase reactions 
at high concentrations is the presence of oxidation as well as nitration products 
(MicHaAeL and Carson, 1940; Corrrett and GRAHAM, 1953, 1954; Brown, 1957) 
For example, carbon monoxide and carbon dioxide are major products in the gas 
reaction of nitrogen dioxide with ethylene (CoTTRELL and GRAHAM, 1953). The for- 
mation of carbon dioxide and of various carbonyl-type products also has been 
reported in the reactions of nitric oxide and nitrogen dioxide with isobutylene (MICHAE! 
and CARLSON, 1940; Brown, 1957). 

In the present study it was found that a film of condensate was usually formed on 
the surface of the reaction flasks during the course of the reactions. These conden- 


sates were washed out with the appropriate solvents and analyzed 


EXPERIMENTAL PROCEDURE 


The nitric oxide and nitrogen dioxide were obtained from Matheson cylinders. The 
nitric oxide had 2 3°, nitrogen dioxide impurity and a few tenths per cent of 
nitrous oxide. Similarly the nitrogen dioxide had a small amount of nitric oxide 
(which oxidized partly to nitrogen dioxide in the reactions, using air as a diluent) and 
a trace of nitrous oxide. The olefins used were Phillips Petroleum “ pure grade 
2-methylbutadiene-!,3, 2-methylbutene-2, and pentene-1, all of 99+ mole per cent 
purity 

Concentrations of olefins between 0-1 and 0-5 p.p.m. were obtained by use of a 

apparatus Operation at room temperature. The olefin was diluted in 

experiments either with prepurified nitrogen or with air and was mixed 

cally with the nitric oxide in a Venturi-type mixing chamber. The mixture was 

d into a 5-liter glass reaction vessel which was flushed with the reaction mixture 

The stop-cocks were then closed (no grease or a minimum amount of silicone grease 

was used) and the mixture was allowed to remain in the flask 15 minutes to several 

days. The condensates were found to be soluble in acetonitrile and acetone, somewhat 

in carbon tetrachloride and hydrocarbons, and slightly soluble in carbon 

The condensation products were therefore washed out with carbon tetra 

cyclohexane, or acetone. It was discovered, after several runs, that acetone 

reacting with the condensate. Therefore acetonitrile was substituted for acetone 
ubsequent work 

nfrared measurements of the liquids were made using 0-|-mm thickness cells with 

m chloride windows. These windows were slowly attacked, probably by a small 
of dissolved dinitrogen tetroxide and by water in the condensate. Repolishing 
windows was necessary periodically. After almost all the work reported her 

was completed, ba fluoride windows were received. Barium fluoride is considet 
ably more resistant to nitrogen oxides and water and the deposits can be washed ofl 

th water (ALTSHULLER and CoHeN, 1959) 

Infrared measurement on the gas phase products was made by evacuating a Perkin 
Elmer ten-meter optical path-length gas cell and introducing successively the gas phasc 
of the contents of three 5-liter reaction flasks. All infrared determinations were mad 
with a Beckman IR-4 Spectrophotometer 

Colorimetric determinations for primary and secondary nitroparaffins were made 


by a number of procedures (Scott and Treon, 1940; Jones and Rippick, 1952 
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TurRBA, ef al., 1959; Altshuller and Cohen, 1960.) The spectra were run on a Cary 
Model || Spectrophotometer. 

The condensate was taken up in several solvents and the mixture injected into a 
Perkin-Elmer gas chromatograph for analysis. Owing to the high boiling nature of 
some of the oily condensate, it was difficult to be sure that the chromatograms were 
completely representative of the condensate 


RESULTS 


Most of the measurements were made of the infrared spectra of the condensation products. The 
infrared absorption bands observed and their approximate relative intensities for the nitrogen 
dioxide reactions with 2-methylbutadiene-1,3, 2-methylbutene-2, and pentene-1 are given in Tables 1, 
3, and § 

The absorption bands listed are with one exception believed to arise from the infrared absorption of 
the reaction products. The strongest nitrogen dioxide band at 6:2 microns was not observed, but a 
band was observed repeatedly at 5-75 microns which can be assigned to the absorption in carbonyl 
type compounds. However, dinitrogen tetroxide also has its strongest band at 5-7 microns and, in 
the liquid state or in solution, dinitrogen tetroxide should be the predominant species. It is felt that a 
portion of the absorption at 5-75 microns may be caused at times by dinitrogen tetroxide being carried 
down or adsorbed by the condensate, but that the dinitrogen tetroxide is present in very small amounts 
in the condensate. The very gradual attack on the sodium chloride windows with the occurrence of a 
nitrate band at 7-3 microns supports this assumption 

2-Methylbutadiene-| wen Dioxide Reaction. The spectra of the condensate from the nitrogen 
dioxide reaction with 2-methylbutadiene-1,3 are characterized by absorption bands at 6°08, 7-80 
11-7—11-8, and 14-2 microns (Table I) All of these bands are absorption frequencies of alkyl nitrates 
Ihe 13-3-micron band of alkyl nitrates is covered by solvent bands of carbon tetrachloride and aceto 


nitrile. It is not possible to distinguish between simple alkyl nitrates and nitronitrates on the basis of 


these data. However, it has been shown that certain types of nitronitrates exhibit bands at both 7-70 
and 7-90 microns rather than at 7:80 microns (BROowN, 1955). The absence of the 7-70—7-90-micror 
band splitting does exclude a |-nitro-2-methylbutyl nitrate type of compound 
The presence of nitro groups ts clearly shown by the appearance of bands at 6 i 7-28 microns 
in the condensate Conjugated nitro-olefins are excluded by the absence of bands at 6°5—6°6 and 
74 


carbon atom are excluded by the absence of bands in the 6 5- r' micron regions 


5S microns (Brown, 1955). Similarly, dinitroalkanes with the two nitro ips on the same 


lertiary nitro compounds have an asymmetrical NO, stretching vibration at 6-50 microns (BROWN 
1955, KORNBLUM, ef @ 1958); consequently, the absence of this band in the condensate spectra also 
excludes tertiary nitro compounds as detectable products. The presence of an appreciable amount of 


product having nitro groups 


ached to internal carbon atom n either tertiary or secondary type 


positions is doubtful, in view of the absence of the multiple absorption bands 


micron regior Splitting into two to four bands ts chara 
nitro groups are attached to the same carbon aton irther evidence 
primary nitro compounds ts substantiated by the presence of the absorption banc 
resulting from methylene bending vibrations in primary nitro compounds. | 
nitro-olefins such t methyl-2-butene could also be present 
Alkyl nitrites are usually ! in liquid phase reactions of nitrogen oxides wi ins, Often as 
nitro alkyl nitrites (MICHAEL and CaRLson, 1940; Levy and Scaire, 1946; BALDOcK, ef al., 1949) 
In gas phase reactions in which oxidation processes also occur, the presence of 
product molecules is less likely The infrared spectra showed no indication 
micron bands of primary and secondary alkyl nitrites (HASZELDINE and MATTINSON, 1955), nor were 
the strong bands at 12:7 and 12-9 microns found in the infrared spectra of primary and secondary 


butyl nitrites observable (Tarte, 1951). Tertiary alkyl nitrites have a very weak N-O stretching band 
ato 20 microns owing to the sn all proportion of the cis-form of the molecule However, in a small 
number of spectra run in cyclohexane, there was no indication of the combination of a strong band at 


12-4 microns and of a very strong absorption band at 13-2 microns, which has been reported in the 
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DISCUSSION OF RESULTS 
In the present investigation with reactant concentrations in the 0-1- to 2:5-mm range 
as been found that oxidation as well as nitration occurs. The same two processes 
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nitrogen oxides (MICHAEL and CARLSON, 1940; Brown, 1957). In liquid phase 
reactions, nitration appears to be the only type of reaction leading to products 

In liquid phase nitration reactions, the products often include organic nitrites and 
nitroso compounds (MicHAeL and Carson, 1940; Riepsomer, 1945; Brown, 1957) 
We also have observed the greenish-blue solutions indicating nitroso compounds and 
the ultraviolet spectra of alkyl nitrites when adding nitrogen dioxide to liquid olefins 
(ALTSHULLER, ef a/., 1958). However, in the gas phase reaction products no positive 
indications are found of either alkyl nitrites or nitroso derivatives 

The oxidation products appear to be the stable ketone or acid which is the end 
product of the oxidation. Thus in the 2-methylbutene-2 reaction with nitrogen dioxide, 
acetone and acetic acid appear as oxidation products 

A very clear cut difference in reactivity exists between the 2-methylbutadiene-1,3 and 
2-methylbutene-2, and the much less reactive pentene-|. This greater reactivity of 
diolefins and internally double bonded olefins with nitrogen oxides has been observed 
previously (HURN, ef a/., 1958a). The rate of disappearance of various olefins in the 
presence of nitrogen dioxide and nitric oxide was observed using gas chromatography 
to follow the disappearance of the hydrocarbons (HuRN, ef a/., 1958a). It has also 
been observed that internally bonded olefins are more reactive than terminally 
bonded olefins, paraffinic hydrocarbons, and acetylenic hydrocarbons in the photo- 
lytic reaction with nitrogen dioxide in automobile exhaust studies (MADER and CHAM- 
BERS, 1957) and in reactions with atomic oxygen and ozone (FORD and ENDow, 1957 
CADLe, 1956) 

The diolefin, 2-methylbutadiene-1,3, appears to be somewhat more reactive with 
nitrogen dioxide and nitric oxide than the internally bonded olefin, 2-methylbutene-2, 
based on its incomplete disappearance at lower partial pressures, 0-1 mm of olefin and 
0-5 mm of nitrogen dioxide. The 2-methylbutadiene-1,3 is completely reacted at both 
this lower concentration and at 0-5 mm of olefin and 2:5 mm of nitrogen dioxide. The 


diolefin also appears quite reactive with nitric oxide. This appreciable reactivity does 


not appear explainable by the presence of a few per cent of nitrogen dioxide impurity 
In contrast, at all concentrations of pentene-| and nitrogen dioxide, up to the 0-5 mm 
of pentene-| and 2:5 mm of nitrogen dioxide, a large part of the pentene-| remains even 
after 24 hours (Table 6). In several other runs of nitrogen dioxide with pentene-1, an 
even larger part of the olefin remained after reaction 

The nitration products observed in these reactions include nitro compounds and 
organic nitrates. Certain types of organic nitrogen compounds including conjugated 
nitro-olefins, gem-dinitroalkanes, organic nitrites, and nitroso compounds are not 
present in detectable quantities. It is more difficult to ascertain whether the nitro and 
nitrate groups are present as nitroparaffins, alkyl nitrates, nitroalcohols, nitronitrates, 
or dinitrocompounds with the nitro groups on adjacent carbons. Some types of 
nitronitrates are excluded by the absence of the 7:7- and 7-9-micron bands in the infra- 
red. The absence of O—H stretching bands of the products in carbon tetrachloride 
would seem to reduce considerably the possibility of major amounts of simple 
nitro monoalcohols. 2-Nitro-l-butanol and 2-nitro-2-methyl propanol-! are soluble 
enough in carbon tetrachloride to give strong bands in the infrared spectra. Further- 
more, the O—H bands appear at 2:77 and 2-90 microns in carbon tetrachloride and 
at 2-86 microns in acetonitrile. (In acetonitrite the weak solvent bands in this region 
distort the O—H band positions of the solute.) On the other hand, the nitro-alcohols 
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with two and three OH groups are insoluble in carbon tetrachloride. However, the 
C—O stretching bands of nitroalcohols are far stronger than the O—H stretching 
bands, so that the weak bands in the 8-9 microns observed in the condensate from the 
)-methylbutene-2 and 2-methylbutadiene reactions with nitrogen dioxide could be the 
n the infrared spectra of pure nitroalcohols. The presence of 
or 2,3-dinitro compounds cannot be proved conclusively, but these are extremely 
likely products and their infrared spectra are in agreement with the observed spectra of 
condensates 
A number of t ; of carbonyl compounds are indicated by the infrared spectra 
The infrared absorption bands of acetone, acetic acid, and formic acid appear in the 
rared analysis of the gaseous products and condensate Traces of aliphatic esters 
and possibly of ketones are present in the condensate. Very small quantities of 
nsaturated carbonyl compounds are also indicated by the infrared spectra of the 
condensate. Semiquantitative determinations gave values for the amounts of carbony! 
compounds in twenty-one condensates using varying olefin and nitrogen dioxide 
condensations ranging from 0-0- to 0-15-weight per cent in the condensates diluted up 
to 0-25 to 0-5 ml with carbon tetrachloride 
nethanol was indicated by the infrared spectra in the gas phase of the 
trogen dioxide reaction Traces of alcohols were probably 
e condensates from both the 2-methylbutene-2 and 2-methylbutadiene-1 3 
1itrogen dioxide. Small amounts of ketoximes also were present in the 


both of these reactions 


CONCLUSIONS 


phase reactions of nitrogen oxides with olefins indicate the risks 
grab sampling automobile exhaust products or other combustion effluent 

nalysis at a future time. Such products cannot be kept at room tempera 

» for more than a few minutes before appreciable amounts of reaction products are 
these reactions would not occur in the ordinary operation of auto 

mbustion devices during which the concentrated products are 

tmosphere, they give a false impression of the actual reactions 

nples at reduced temperatures is an obvious alternative. Use of 

nperatures in the handling of automobile exhaust products prior to 

hromatography has been useful (HURN, 1958a). Dry-ice acetone temperature or, 
probably, iced-water temperature may be a convenient compromise The 
nediate removal of the nitrogen oxides is another possibility. However, this does 
possible at present without also removing the oxygenated products of reaction 

Since the reactions discussed in this paper were performed at room temperature, 
they do not answer the question of the desired temperature for storage of grab samples 
To gain such information further work will be necessary Also of interest is the pos- 


sible formation of some organic nitrogen reaction products in the short periods of 


passage, and at the elevated temperatures existing in the automobile exhaust system 


and in some other combustion devices. Organic nitrites and nitrates tend to decom- 
pose at 300° C to 400° C. but nitroparaffins are more resistant (POWLING and SMITH. 
1957) 


These as well as previous experiments point up the importance not only of internally 
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bonded olefins but also of diolefins in the overall automotive exhaust problen The 
very reactive diolefins may be present in exhaust products in almost the same amounts 
as the internally bonded mono-olefins (HURN and Davis, 1958b). The diolefins should 


be carefully investigated, not only in terms of the overall automotive exhaust emission 


and photolysis reactions, but also of their reactions with ozone and atomic oxygen 
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INFRARED ABSORPTION BANDS OBSERVED IN CONDENSATE FROM 


NITRIC OXIDE-2-METHYLBUTADIENE-1,3 REACTION 
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ketoxime 
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(a) Approximate relative intensities: (s) strong, (m) medium, (w) weak 


(6) The compounds are numbered in the order of assumed decreasing probability of occurrence 


(c) Occasionally some dinitrogen tetroxide may be carried down with the condensate, then N-O str 


at 5-75 microns will add to C =O str. from carbonyl compounds 
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NFRARED ABSORPTION BANDS OBSERVED IN CONDENSATE FROM 


NITROGEN DIOXIDE PENTENE-! REACTION 
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aldehyde, acid, or ester 
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intensities (s) strong, (m) medium, (w) weak, (vw) very weak 


mmbered in the order of ; imed decrease in probable occurrence 
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TABLE ¢ nnn; REACTION OF 
C oncentration—mn Infrared Peaks of Pentene 
Nitrogen Time 
Pentene- | . 10-0 microns 10-9 microns 
Dioxide Minutes 
0-§ 0 0-27 0-65 100 
0-5 15 0-23 0-58 87 
0-5 960 0-13 0-33 49 
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ESTIMATES FROM INFRARED ANALYSIS OF 


REACTION PRODUCT AMO Ts 


trachioride 


*ne-2-NO 


nitro group (c) 
average value 
range 


no. of runs 


nitrate group (d) 
average value 0-06 
range } 2 0-03 to 0-12 


no. of runs 3 


carbonyl group (e) 
max. ave. value (/) 0-06 0-25 0-05 


range 0-0 to 0-15 0-0 to 0°6 0-0 to 0-075 


no. of runs 10 


(a) Based on intensity of 2°8 micron band; (4) maximum values arrived at by assuming all absorp- 
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tion at 2°8 microns is due to water and not partially due to alcohols, nitro alcohols, or ketoximes; 


2- to 7:3-micron band: (d) based on intensity of 7-8-micron band: (e) based 


(c) based on intensity of 7 
on 5-8-micron band: (/) maximum values arrived by assuming all absorption at 5-8 microns is due to 


carbonyl groups and not partially to dinitrogen tetroxide 
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The Interaction of Ozone with Plastic and Metallic Materials in a Dynamic Flow System 


phase by contact with the surfaces of Teflon, glass, stainless steel, aluminium, poly- 
ethylene, aluminium, and two vinyl chloride-vinyl acetate copolymer tubing materials 
and with aluminum foil and Mylar film strips in a glass flask has been investigated. 
The ozone concentration was determined by use of a continuously monitoring colori- 
metric type ozone instrument 


EXPERIMENTAL DETAILS 


The ozone was generated by an ultraviolet type ozonizer consisting of a small bulb, 
producing ultraviolet radiation in the appropriate wavelength range, sealed into a 
glass base which in turn fitted into a glass flask by means of ground glass joints. The 
lengths of tubing used were connected directly to the outlet of the ozonizer apparatus 
when the flow rates through the tubing were 1000 or 2000 ml/min. At flow rates of 200 
or 500 ml min, the ozone was pulled out of a Mylar bag which served as an ozone 
reservoir. The five-liter pyrex flask used in the experiments involving aluminum foil 
and Mylar plastic strips was connected to the ozonizer and detector by short lengths 
of Teflon tubing. 

Large plastic bags of both Mylar and Saran were investigated as ozone reservoirs. 
The Saran plastic decomposed the ozone so rapidly as to be unsatisfactory as a possible 
reservoir material. However, the ozone concentration in a Mylar bag (4ft®) was 
essentially unchanged over three or four hours. In one determination over a sixteen 
hour period the ozone concentration in the Mylar bag did decrease from 90 and 
55 p.p.h.m. The use of this Mylar bag served to smooth out the short-time fluctua- 
tions in ozone concentration experienced when the ozone was obtained directly from 
the ozonizer 

The ozone detection instrument used is produced by the Mast Development Co.., 
Inc., Davenport, lowa. The ozone sensor is based on the oxidation-reduction reaction 
of the iodide ion. The current needed to satisfy the electrode reaction can be detected 
with a galvanometer or a recorder. The liquid reagent flows continuously by gravity 
through the sensor unit, in which it contacts the ozone-containing gas stream. The 
response time of this ozone instrument is much shorter than the response times of the 
continuous recording colorimetric type * oxidant ”’ instruments because of the small 


liquid volume involved. Irrespective of the flow rate through the tubing under inves- 


tigation, the flow rate through the ozone instrument was maintained at 200 ml min by 


splitting the total gas flow appropriately 

The calibration curve for ozone concentration in p.p.h.m. was linear, corresponding 
very closely to scale reading on the recorder up to about 70 p.p.h.m. of ozone. Above 
about 70 p.p.h.m. of ozone the scale reading increased much more slowly than does 
the ozone concentration. For example, a scale reading of 83 corresponded to 100 
p.p.h.m. of ozone. The instrument was calibrated by use of the colorimetric neutral 


buffered potassium iodide method (Byers and SALTZMAN, 1958) 


RESULTS 
All of the data were obtained on a relative basis. Each of the tube lengths used 
was added on to a reference line consisting of four feet of Teflon tubing and about one 


foot of glass tubing. Much longer lengths of both Teflon and glass tubing were tested 
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no reactivity with the ozone after little or no conditioning. Con- 


loss of ozone should have occurred in flowing through the 


The term conditioning is used throughout this paper to include such chemical o1 
physical changes occurring on a surface exposed to ozone as to render the surface 
comparatively inert to ozone. Conditioning occurs to varying extents throughout the 
exposure periods to ozone. However, exposure to high concentrations of ozone 
appears to accelerate the conditioning process appreciably 

Fourteen additional feet of 3 8 inch 1.d. Teflon tubing was added to the reference 

ne. Ata flow rate of 200 ml min the inlet ozone concentration was 16 p.p.h.m. and 
the outlet ozone concentration was 15 p.p.h.m. When the same length of Teflon 
tubing was used at an ozone flow rate of 2000 ml min, the inlet concentration was 
5S! p.p.h.m. and the outlet concentration was 51 p.p.h.m. No conditioning period 


was therefore necessary in any ozone measurements for which Teflon tubing was used 
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INCENTRATION OF 


A 12-foot piece of 3 8 inch 1.d. glass tubing, when added to the line, took less than 
an hour to condition. With an inlet ozone concentration of 61 p.p.h.m., and a flow 
rate of 1000 ml min, the outlet ozone concentration was 54 p.p.h.m. after 15 minutes, 
58 p.p.h.m. after 30 minutes and 61 p.p.h.m. after 45 minutes. These results would 
indicate that glass is not quite as good a tubing material for use with ozone as is 
Teflon, but glass tubing certainly should be completely satisfactory at flow rates of 


and showed little or [ee 
reference linc 
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above one liter min. Previous preliminary results obtained at about a one liter min 
flow rate also indicated that glass tubing was about as satisfactory as teflon tubing for 
the passage of ozone 

4 twelve-foot length of 304 type stainless steel tubing (7 16 inch i.d.) was cut into 
two 6 foot lengths. One of these lengths would not pass any ozone at 200 ml min after 
four hours of exposure to 60 p.p.h.m. of ozone (Fig. 1). However, after 44 hours 
practically all of the ozone could be recovered from the outlet of this tubing at a flow 
rate of 1000 ml min. After conditioning with excess ozone, about 70 per cent of the 
ozone at an inlet concentration of 72 p.p.h.m. would pass through the tubing even at a 
flow rate of 200 ml min. Following a second short period of conditioning by about a 
ten-fold excess of ozone, 85 per cent of the ozone passed through the tubing at 200 
ml/min. After the tubing remained unexposed to ozone overnight, the stainless steel 
tubing still would pass 85 per cent of the ozone 
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Six foot length (ya@° 1 304 stainless steel exposed to ozone 


The second length of stainless tubing began to condition after 4} hours using only a 
200 ml/min flow rate (Fig. 2). After seven hours of exposure, despite being unexposed 
and open to the atmosphere overnight, 60 per cent of the ozone at an inlet concentra- 
tion of 56 p.p.h.m. passed through the tubing at 200 ml/min. However, after standing 
unexposed and open to the atmosphere for six days, the tubing would not pass any 
ozone for about one-half hour; subsequently, it conditioned rapidly. After ten hours 
of exposure, 75 per cent of the ozone passed through the tubing at 200 ml/min, and 
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cent of the ozone passed through the tubing at 500 ml/min. At a flow rate of 


85 pe 
1000 ml min, over 95 per cent of the ozone passing into the tubing could be detected 
tubing outlet. After a 12 hour period of exposure, 90 per cent of the ozone 
g at 1000 ml min came through the tubing even after the tubing 

unexposed and open to the atmosphere for two weeks 
eth of type 316 stainless steel tubing (3 8 inch i.d.) also was exposed 
fozone. This tubing started conditioning rapidly after a little 
to the ozone. At a flow rate of 1000 ml min and with an 
of 73 p.p.n.m the outlet ozone concentrations observed at 
were as follows: 0-5 hr, | p.p.h.m.; 1 hr, 49 p.p.h.m.; 1:5 he 


h.n 3 hr, 67 p.p.h.n 
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90 per cent of the ozone passed through the aluminum tubing. Even after the tubing 
remained unexposed to ozone and open to the atmosphere for two weeks, 90 per cent 
of the ozone passed through the tubing at a flow rate of 1000 ml min after an additional 
two-hour exposure time 

Six- and twelve-foot lengths of polyethylene tubing (3/8 inch 1.d.) conditioned slowly 
but continuously, to ozone over a five-hour exposure period (Fig. 4). After the twelve- 
foot length of tubing remained unexposed to ozone and open to the atmosphere for 
two weeks, almost 75 per cent of the ozone remained intact at a flow rate of 1000 
ml/min. When the flow rate was increased up to 2000 ml min, 80 per cent of the ozone 


passed through the polyethylene tubing 


vious @aposures 


N 
z 
a 
z 
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\ twelve-foot length of ** Nalgon ” tubing, a variety of polyviny 
conditioned to ozone only slowly at flow rate of 1000 and 2000 mln 
six-foot length of this tubing after 7-5 hours of exposure to 60 to 64 p 
at flow rates of 1000 and 2000 m! min would pass only about 80 per c 
ozone concentrauion 

Various lengths ol Tygon” tubing, another 
chloride plastic, conditioned poorly (Fig. 6) ix-foot length of ° 
} 


eight hours of exposure to 70 p.p.h.m. of ozone at flow rates of 1000 and 2000 ml mur 


would pass only about 30 per cent of the inlet ozone concentration 
Measurements made in the 5 liter glass flask used in the present study involved high 


surface-to-volume ratios. As much as 10 square feet of Mylar film (in small strips) 
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a volume niy about | 6 ft Under these condi 


as 100 mi m 10 significant loss of ozone could be 


uminum foil (cut into small strips) were placed in the 


oil allowed as much ozone to pass 


ed with aluminun 

once the foil had been exposed to ozone at 100 p.p h.m 

lor persisted despite vigorous scrubbing with steel wool 

with detergent solution or acetone. Even after the previously 
remained unexposed for several days, the same ozone concen- 


as was attained at the time of conditioning 


DISCUSSION 
hat Teflon and glass tubing are the most satisfactory materials 
ozone. Static measurements showed appreciable decom 


k, about 3-4 per cent hr (WILSON and BUCHBERG, 1958) 
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exposed to ozone 
In 12-liter glass flasks very little decomposition of ozone was observed in 100 hours 
WILSON and BUCHBERG (1958) consider the rate of disappearance of ozone at glass and 
leflon surfaces to be of the same order of magnitude 
Stainless steel polyethylene tubing were less satisfactory than glass and Teflon 
dynamic experiments presented here, in agreement with observations in the 


neasurements (WILSON and BUCHBERG, 1958). Stainless steel tubing was found 
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to be better than polyethylene for dynamic ozone measurements. The static data show 
a one-third decrease in ozone concentration in ten hours with 80 in* of stainless 
steel surface in a 1|2-liter glass flask, or about 0-04 per cent, hr-in®, while they show about 
seven hours with the same area of polyethylene in the glass flask, or about 0-06 
per cent /hr-in®. Thus, the two sets of data again seem to give generally comparable 


results 
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Fic. 6. Various lengths of Tygon tubing (;%" i.d.) exposed to ozone 


The results in the static measurements using 60 in® of aluminum surface in the glass 
flask indicate that about 25 hours will be required for a one-third decrease in ozone 
concentration, or about 0-02 per cent, hr-in’ Our dynamic measurements on 
aluminum tubing, and on aluminum foil in 5-liter flasks, also show aluminum to be 
useable 

Some vinyl chloride copolymer tubings are unsatisfactory for use with gas mixtures 
containing ozone. The static experiments show an extremely rapid decrease in ozone 
concentration in the presence of two vinyl chloride copolymer-type films. In static 
measurements ozone is far more reactive with these particular vinyl chloride copolymer- 
type materials than with cellophane, Saran, Mylar, aluminum, or stainless steel 
(WILSON and BUCHBERG, 1958). The dynamic measurements given in this paper con- 
firm the undesirability of using some plastic tubings of vinyl chloride copolymer 
formulation in the presence of ozone. Data presented by WILSON and BUCHBERG 
(1958) also show that one type of polyvinyl chloride tubing is very reactive with nitrogen 
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dioxide. Qualitative observations in this study indicate that the high concentrations 
th nitrogen dioxide and sulfur dioxide cause rapid deterioration of “* Tygon ” 

Ihe more satisfactory results with “* Nalgon”’ tubing may mean that the 

ting avidly with the ozone ts a plasticizer rather than polyvinyl! chloride 


Alternatively, the difference in results must be due to some detail in 


yf a series of materials with one gas should not be 
For example, while glass seems slightly more satisfactory than 
10 p.p.m. range, with 70 p.p.m. of nitrogen dioxide 

rage container than glass (BAKER and Doerr, 1959) 

10 loss of nitrogen dioxide occurred in 24 hours at 74 p.p.n 
tank (BAKER and Doerr, 1959), at 5-5 p.p.m. of nitrogen 

an aluminum-foil surface to gas-volume ratio of 13 ft 
rogen dioxide disappeared from the gas phase (WILSON and 
sequently, considerable caution must be used in extrapolating 
fa given gas with various materials over a range of concentrations 
ratios 

yf this work and those of WILSON and BUCHBERG (1958) 
el, aluminum, Mylar, and polyethylene should be satisfactory 


neasurements of ozone and for static measurements extending 


several hours before to ozone concentrations at or 
actual experiments of interest and at flow rates of 
above 1s recommended for all of the materials investigated except 

Once a given system is conditioned, the conditioning appears to 

weeks (Figs. 2, 3, 4) for many of the materials tested. Tubing 

ade from vinyl chloride copolymer, if they n > used in 

ozone gas mixtures, should be used with caution and in the 

areas possible. Conditioning of materials composed of vinyl! 

hloride copolymer should be carried out at least eight hours, and the highest flow 


tes practically useable should be employed 
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PHOTOCHEMICAL REACTION PRODUCTS IN AIR 
POLLUTION * 


R. STEPHENS 


Abstract—-When low concentratior 

artificial sunlight, the olefin molecule splits at the doubl 
and the other yields a variety products Among 
nitrogen compound previous! ibed as compo 

in polluted itmospheres This ¢ npound has now be 

and its chemical, physical, and physiological prope 

below Ip.p.1 n air, this compound produces dar 

from oxidant air pollution but different in son 

reactions PAN is the first pure compoul isolated tron ol em re tior 
been found to produce the characteristic oxidant damag vn on is also 
at concentrations in the | p.p.m. range and ts th ore probably responsible 


and formaldehyde, for th rritation in photochemi 


INTRODUCTION 


PLANT damage and eye irritation are two important manifestations of air pollution 
arising from photochemical reactions in the atmosphere The early studies of 
HAAGEN-SMIT, ef a/. (1952) demonstrated that plant damage similar to that found on 
leafy vegetable crops in the Los Angeles Basin could be reproduced by treatment with 
the reaction products of ozone and many olefins. They indicated also that similar 
results could be obtained with photolyzed mixtures of nitrogen dioxide and gasoline 
vapors. Peroxidic organic compounds were suggested as the phytotoxicants; organic 
acids and aldehydes were shown not to be toxic 

The characteristic injury, since called oxidant damage, consists of glazing or bronz- 
ing of the under surface of the affected leaves of a variety of plants. MIDDLETON, 
DARLEY, and BREWER (1956) have reviewed the effects of oxidants on plants. DARLEY, 
et al. (1958) further studied the effects of ozone-olefin reaction products on plants 


and suggested the zwitter-ion or an ozone-olefin addition complex as possible phyto- 


toxicants. Ozonides, and again formic acid and aldehydes, were shown not to be 
toxic. ARNOLD (1959) demonstrated that the half-lives of the phytotoxicants pro- 
duced by reacting ozone with 2-pentene or 3-heptene were very short (3 min and 
15 min, respectively) 

Ozone, a product of the photochemical reaction of oxides of nitrogen and organic 
materials in air (HAAGEN-SMiT and Fox, 1956) is also a phytotoxicant, but its effects 

* Presented, by E. R. STEPHENS, to a session on automobiles, hydrocarbons, and clean air during the 
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on many plants are distinguishable from those of so-called “* oxidants ” in air pol- 
ution (ScHucK and Doy te, 1959). Ozone produces a stippling, mottling, or bleach- 
ing on the upper surface of affected leaves. Ozone damage has been found in the 
field on grapes (RICHARDS, ef a/., 1958) and tobacco (HEGGESTAD and MIDDLETON, 
1959). Although ozone is itself an oxidant, the term “ oxidant ” damage has been 
for those as-yet-unidentified toxicants produced by the ozone-olefin re- 
or by the photochemical nitrogen oxide-hydrocarbon reaction 
TAYLor, ef al. (1960), recently compared injury symptoms produced on pinto bean 
and petunia foliage by the following four toxicants: 1, ozone; 2, ozone-olefin re- 
action products; 3, photolyzed mixtures of olefin and nitrogen dioxide; and, 4, oxi 
dants in polluted ambient air (in Riverside, Calif.). They found that the first three 
of these each produced readily distinguishable injury symptoms. Plant species and 
age of leaf tissues were important in distinguishing the toxicants. Ozone produced 
chlorosis or bleaching symptoms on the oldest petunia leaves and on 14-day-old 
pinto bean leaves. Ozone-olefin reactions caused glazing or bronzing on 14-day-old 
pinto bean leaves but did not damage 7-day-old pinto bean leaves or petunias 
Photochemical reactions of nitrogen dioxide and I-mhexene caused typica! oxidant 
bronzing of 7-day-old pinto bean and petunia leaves but did not injure 14-day-old 
pinto bean leaves. The plants exposed to ambient air showed the symptoms ascribed 
to each of the three toxicants, but the most prevalent damage during the period of 
the experiments on both beans and petunias was the type caused by photolyzed 
nitrogen dioxide and olefin 
Eye irritation has been studied in several laboratories using irradiated mixtures of 
oxides of nitrogen and organic materials. An early study was made by HARTON and 
Boize (1958) with the use of natural sunlight irradiation. ScnHuck (1957) and 
STEPHENS and SCHUCK (1958) reported eye irritation from a variety of irradiated 
automobile exhaust mixtures and indicated that the irritant was relatively long 
lived. For this and other reasons, it was suggested (DARLEY, ef a/., 1958) that the 
eye irritant and the phytotoxicant were different materials. DARLEY, MIDDLETON, 
and GARBER (1960) reported plant damage but no eye irritation from ozone-olefin 
mixtures reacted for relatively short residence periods. More recently, SCHUCK and 
DoyLe (1959) reported irritation from irradiated mixtures of nitrogen dioxide and 
pure olefins. Formaldehyde and acrolein were products of some of the reactions 
From the irritation indices for these two aldehydes in pure form and their concentra- 
tions as measured in the irradiated mixtures, they were able to predict the eye-irrita 
tion index with a high degree of accuracy. Several minor products of the reaction 
were shown not to be irritating. They concluded that formaldehyde and acrolein 
are the principal eye irritants in oxidant air pollution 
HAAGEN-SMIT and Fox (1956) and STEPHENS, ef a/. (1957, 1956) have elucidated 
the mechanisms by which ozone is formed from the photooxidation of nitrogen 
dioxide with organic compounds in air. The long-path infrared techniques used by 


the latter investigators also revealed the presence of an unstable organic nitrogen 


compound which was tentatively identified as peroxyacetyl nitrite (PAN) and assigned 


the structure 


O 


CH,C—-OONO 
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This compound was also detected, with the use of long-path infrared, in photolyzed 
automobile exhaust and in natural oxidant air pollution (Scott er a/., 1957). Al 
though evidence presented in this paper indicates that the correct formula may be 
peroxyacetyl nitrate (rather than nitrite), it will be referred to herein as PAN, an 
abbreviation suitable for either formula 

The ultraviolet radiation present in natural sunlight causes photolytic dissociation 
of nitrogen dioxide into nitric oxide and atomic oxygen. The latter species can then 
react with molecular oxygen to form ozone. In the absence of other components, 
only small concentrations of ozone could form in this way because the back reaction 


of ozone with nitric oxide to regenerate nitrogen dioxide is extremely rapid 


+ NO 


In the presence of organic material the ozone does accumulate to higher concentra 
tions, presumably because nitric oxide is converted to nitrogen dioxide at some stage 
in the oxidation of the organic material. At one time, it was thought that formation 
of PAN from nitric oxide and its photolysis to yield nitrogen dioxide would account 
for this conversion. Studies of automobile exhaust photolysis (SCHUCK ef al 

1958; STEPHENS and SCHUCK, 1958) directly confirmed the conversion of nitric 
oxide to nitrogen dioxide and provided evidence that the rate of this conversion is 
dependent on the amount and type of hydrocarbon present. However, this con 
version was much too fast in comparison with the rate of formation of PAN for the 
photolysis of this compound to account for the conversion. Therefore, it is apparent 
that there 1s a mechanism which involves hydrocarbon by which nitric oxide is cor 


verted to nitrogen dioxide 


THE OLEFIN REACTION 


In the studies of the photochemical reaction, it became apparent thi efins 
were appreciably more active than hydrocarbons of any other type. Olefins disappear 
more rapidly than hydrocarbons of other types and are also more active in promoting 
the photochemical conversion of nitric oxide to nitrogen dioxide in air. It has long 
been known that olefins react rapidly with ozone, a reaction leading to rupture of the 
molecule at the double bond. Detailed studies of this reaction in air at low concentra 
tion in the gas phase (STEPHENS ef a/., 1959) showed that the reaction is stoichio 
metric and of the second order. One end of the olefin molecule yields a carbonyl 
compound (aldehyde or ketone); the other end yields a variety of fragments (ketene, 
methanol, carbon monoxide, carbon dioxide). At first it seemed possible that this 
reaction might account for the disappearance of olefin in the photolytic reaction 
with nitrogen oxides, inasmuch as ozone is a product of the reaction. This proved 
not to be the case, however, when the rates of olefin disappearance were compared 
with rates calculated on the basis of the measured ozone concentrations and known 
rate constants. 

Because cleavage occurs at the double bond, the number of possible products is 
halved by working with symmetrical olefins. Ethylene, the simplest olefin, reacts 
slowly and does not yield some of the more interesting products, such as PAN. Since 
2-butene and 3-hexene react much more rapidly, more work was done with these two 
olefins. A few experiments were also made with isobutylene 
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cell, which was previously used for atmospheric analysis 
automobile exhaust studies (SCHUCK ef a/., 1958; STEPHENS 
used to study the photolytic reaction with pure olefins and 
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constant for this reaction previously measured (STEPHENS ef a/., 1959). The calculated 
amounts far exceed the actual ozone concentration. In fact, when nitric oxide was 
the starting material, ozone could not be detected until 18 min had elapsed and the 
reaction was nearly completed. This illustrates clearly that ozone attack cannot be 
the sole reaction causing olefin disappearance. ScHUCK and Doy.e (1959) have 
calculated the expected rate of disappearance for various olefins from the known 
rates of their reaction with ozone and with oxygen atoms. Under some circumstances 
the observed rate was in good agreement with the calculated rate, but under other 
conditions the observed rate exceeded that calculated. This was interpreted as 
indicating the occurrence of a third reaction of olefin, the nature of which is not 
known 
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Fi I Form: n of Acetaldehyde by Irrad 


Because aldehydes are major products of the reaction, it was 
whether or not they would react under the conditions of their formation. Accordingly, 
dilute mixtures of aldehydes with nitric oxide and nitrogen dioxide were irradiated 
under conditions similar to those used for the olefins. In every case, the reaction was 
much slower than with olefin as the starting material. For example, 3 hours to 4 
hours were required to reduce the concentrations of propionaldehyde or formaldehyde 
by half when 10 p.p.m. were irradiated with 10 p.p.m oxide or nitrogen 
dioxide. Acetone reacted still more slowly; barely 10 per cent reacted in 3 hours of 
irradiation with 10 p.p.m. of nitrogen dioxide. This clearly shows that aldehyde is not 
an intermediate in the formation of the other products so far identified (PAN, methy! 
nitrate, etc.). However, PAN was formed slowly as the photolysis of aldehyde- 
nitrogen oxide mixtures proceeded 

It will be noted that there is a striking resemblance between the products of the 
ozone-olefin reaction and those of the photolytic olefin-nitrogen oxide reaction. In 
both cases aldehyde is formed in stoichiometric yield, and in both cases ketene and 
methanol are minor products (when 2-butene is the olefin). Furthermore, the rates 


of the photolytic reaction parallel those in the ozone-olefin reaction in regard to the 
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fin structure. This suggests that the attack of an oxygen atom on the 
uuble bond is closely followed by reaction with molecular oxygen to produce the 
ntermediate as addition of ozone to the double bond 
O 


CH,CH=-CH-CH, +O 
CH,-CH—-CH-CH 


CH-CH, +O 


CH-CH O 
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e double bond to vield aldehyde 
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it was necessary to devise a method for preparing and purifying samples of this con 
pound. Some years ago (STEPHENS ef a/., 1956), samples were prepared by photolyz- 
ing a mixture of diacetyl and nitrogen dioxide in air and condensing the products at 
dry-ice temperature. Some chemical properties were studied with the use of samples 
prepared in this way, but no means were then available for purifying the compound 
or for conducting eye-irritation tests or plant-damage studies 

4 new photochemical reactor was constructed to prepare larger an 
for purification and study. This apparatus is shown schematically in 
reactor itself was made of galvanized iron and was lined with aluminun 
1 ft in diameter and just long enough so that the ends of an axially 
* blacklite ’’ fluorescent bulb just protruded from the reactor. Compressed air was 
dried over silica gel and then fed into one end of the reactor along with small concen- 


trations of reactants (2-butene and nitric oxide) supplied from pressurized tanks at a 
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dilution in nitrogen. Concentrations of approximately 1,000 p.p.n 
and 220 p.p.m. of nitric oxide were generally used at a total flow rate of 2°8 li 
minute, giving a residence time of approximately 30 min. The effluent from the reactor 
was passed into a 40-liter box containing a cold finger filled with a freezing mixture 
of dry ice and acetone. Upon warming the cold finger, the mixture of 
drained into a receiver. The infrared spectrum (see Fig. 3) of the 
liquid sample showed the same products as were observed when the 
were irradiated in the long-path cell at parts-per-million concentrations | 
methyl nitrate, and PAN). Crude samples prepared in this way could 
days at dry-ice temperature 


After a number of trials, the gas chromatograph shown in I 


effect the separation « ese products so that the PAN could 


form. The separating column was made of pyrex glass (4 ft 
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wax 600). The column was operated at roon 

Helium flowing at 300 ml per minute 

feature of this chromatograph ts the splitting « 

the column. The glass capillaries shown in I 

per cent of the stream to the thermal conductiv1 

glass trap which could be chilled mixture 


so that any decomposition products produced by the hot 
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would not be collected in the dry-ice trap. A small portion of the column effluent 
was also bled into a time-of-flight mass spectrometer to aid in the identification of 
peaks. The pressure upstream of the capillaries was measured on a silicon oil mano- 


as an indication of flow rate 
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A typical chromatogram produced by the product mixture from the reactor is shown 
in Fig. 5. The PAN began to emerge approximately 40 min after injection of the 
sample (approximately 200 microliters of liquid) 


It was fairly well separated from the 
other components of the mixture 


The other major components 
methyl! nitrate—emerged before the PAN 
evident in this chromatogram 


acetaldehyde and 
4 number of minor components are also 
Methylethyl ketone was one of these (partly super- 


Fic. § omatogram of Liquid Products from Photochemical Reactor 


imposed on the methyl! nitrate). The mass spectrum suggested that the peak emerging 


at 30 min is a six-carbon keto-alcohol 


The PAN peak yielded approximately 30 mg of a colorless liquid in the dry-ice freeze 


trap. This liquid could be reintroduced into the column and chromatographed a 
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second and a third time to demonstrate the substantially complete removal of the 


impurities. Most of the experiments reported here were performed with samples 


obtained after a single pass. This preparation and purification are now on a semi- 


routine basis 


PAN PROPERTIES 
Infrared Spectrum 
The purified PAN has a vapor pressure at room temperature of approximately 10 
mm of mercury (Hg), which is sufficient to produce a good infrared spectrum in a 
10-cm absorption cell (see I ig. 6). Table 2 gives the frequencies and wave lengths 


observed for the purified material as compared with the spectrum of the PAN pre- 
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Fic. 6. Infrared Spectrum of PAN Vapor (6 Mm Hg in 10-Cm Cell) 


pared from diacetyl and nitrogen dioxide and previously published (STEPHENS ef ai/., 
1956). There can be no doubt that these two materials are identical—the one differ- 
ence between the two spectra is the diacetyl band at 8.94 in the spectrum of the 


sample prepared from this material 


Stability 

This compound has been known to be unstable for some time, although data on its 
stability in a pure state were lacking. In the 1956 paper (STEPHENS ef a/., 1956) the 
violent explosion of a one- or two-drop liquid sample was reported. During the 
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lies six samples have exploded. One of these was an impure liquid mix- 


‘nt stuc 
otochemical reactor; four others were small liquid samples of the 


from the ph 


natographically purified material; and the sixth was a one-liter vapor sample 


f approximately 8 mm Hg, which exploded while nitrogen gas was 


to bring the pressure to | atm. This explosion (presumably initiated 
» of the PAN vapor) did not break the flask, but was evidenced 


and the appearance of nitrogen dioxide in the flask. The infrared 


roducts of the explosion showed, in addition to nitrogen dioxide, 
Hg of carbon monoxide and 2-9 mm Hg of carbon dioxide 


This is slightly larger than the total of 16 mm Hg which 
f the original molecule contained two carbon atoms and if it 
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carbonyl is high because of the diacetyl impurity) further confirms the identity of 
the two materials. 

Methyl nitrate and carbon dioxide were the principal products of this slow decom- 
position. Variable amounts of nitromethane were also produced, but no carbon mon 
oxide could be detected. Formation of methyl nitrate and carbon dioxide in stoichio 
metric yield would indicate that the original molecule contained five oxygen atoms 
but it has not been possible to demonstrate this as yet. None of the proposed struc 
tures contain more than four atoms of oxygen. Peroxyacetyl nitrate would therefore 


account for the observed decomposition products better than peroxyacetyl nitrite 


CH,-C--OONO,-> -~CH,ONO, +CO 


O 


Ihe ring structure in brackets 1s suggested as a plausible intermediate in this 


decomposition 


Ultraviolet Spectrum 


In an earlier publication (Scott, ef a/., 1957) an ultraviolet spectrum of PAN i1 
solution in pentane was reported. This showed a rather weak and featureless absorp- 
tion in the sunlight region from 3000 A to 4000 A, rising steeply for wave lengths 
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ScHuCK and Doy_e (1959) have recently prepared samples of acetyl nitrate follow- 
ing the procedure of Picret and KuHotTinsky (1907) 


O O 
CH,-C-O-C-CH, + N,O, -+2CH,-CONO, 


The acetyl nitrate was purified by distillation at reduced pressure, its infrared spectrum 
recorded, and its eye irritation measured. On the basis of the infrared spectrum 
ScHUCK and DoyLe suggested that it is the same as PAN. We are indebted to R. H 
Wape and E. A. Scuuck of Stanford Research Institute for giving us a sample of this 
compound 

Study of the properties of this sample led to the conclusion that it was not the same 
as the PAN produced in the photochemical reactor and separated chromatographically, 
Evidence for this was obtained in a variety of ways 

(1) Acetyl nitrate hydrolyzed more quickly than PAN; with liquid water, the reac- 
tion was virtually instantaneous. It fumed markedly when exposed to humid air, a 
property noted by Pictet and Kuotinsky (1907). Liquid PAN persisted as a separ- 
ate phase when mixed with aqueous potassium iodide solution and did not fume when 
exposed to laboratory air 

(2) Acetyl nitrate failed to emerge from the gas chromatograph under the conditions 
used to purify PAN 

(3) Acetyl nitrate has a higher vapor pressure than PAN at room temperature 

(4) The infrared spectrum of acetyl nitrate (see Fig. 8), although, superficially 
similar in some respects to that of PAN, is clearly not the same. The infrared spec- 


trum of acetyl nitrate showed strong acetic acid bands, as marked in Fig. 8. This 
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FG Infrared Spectrum of Acetyl Nitrate Vapor (10-Cm Cell) 


probably originated in hydrolysis occurring during transfer of the sample. Three of 
the five major bands in the PAN spectrum have counterparts in the acetyl nitrate 


Su, at 8-6u, and at 12-6. 


However, the acetyl nitrate band at 12-6 « shows structure which is completely 


spectrum at approximately the same wave lengths, 1.e., at 5 


absent in the PAN spectrum. The acetyl nitrate band at 5-5 yu is at a somewhat 
longer wave length than the corresponding band in the PAN spectrum. The strong 
7-7 » band in the PAN spectrum is not present in the acetyl nitrate spectrum, but the 
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does have a strong band at 13-9 « which ts not present in the PAN spectrun 
bands between 9 » and 12 » are different in the two spectra \ 


tation and two plant fumigations with acetyl nitrate are reported 


EYE IRRITATION 
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[he results of these experiments are given in Table 5 (mixtures) and Table 6 (pure 


compounds). The photochemical reaction products which emerged from the chro- 
matograph before and after the PAN peak were collected as two mixtures and tested 
lor eye irritation 
TABLE 5. EYE IRRITATION FROM PRODUCTS OF IRRA 
DIATED MIXTURES OF OLEFINS AND NITRI OXIDI 
AND FROM PRODUCTS Of OLEFIN-OZONI DARK 
REACTIONS (EYES EXPOSED 5S MIN STATIC EXPERI 


MENTS) 


Positive 
C oncen umoder Respor 
tratior 


(p.p.m 


3-Mett 
2 pentene 

Nitric oxide 
(Ultraviolet) 

Butadiene 

Nitric oxide 

(Ultraviolet 

Butadiene-!, 3 

Nitric oxide 
(Ultraviolet) 
Acetaldehyde 

Nitric oxide 
(Ultraviolet) 
cis-2-Butene 

Ozone 

(Reacted) (1 hour 
Butadiene-!, 3 5 

> 


Ozone 


(Reacted) (1 hour 


* Numerator is number of exposures for which eye 
irritation was reported: denominator is total number 
of exposures of from 13 to 20 panel members 


From the earlier studies of the photochemical nitrogen oxide-olefin reaction it was 
clear that aldehydes were major reaction products. Two aldehydes were known to be 
powerful eye irritants: acrolein and formaldehyde. To determine whether or not 
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additional irritants were formed in the photochemical reaction, attention was concen- 
trated on the internally bonded olefins which produce little or none of these two 
known irritants. It is clear from the data of Table 5 that the products from these 
reactions are definitely irritating to the eyes 

Fifty per cent or more of the responses were positive when olefin-nitric oxide con- 
centrations of 5 p.p.m. and 2 p.p.m. respectively, were irradiated. Reducing the con- 
centrations of cis-2-butene and nitric oxide to 2 p.p.m. and | p.p.m., respectively, 
reduced irritation markedly. Products of the irradiation of cis-2-butene and nitric 
oxide include acetaldehyde, PAN, methyl nitrate, ketene, and methanol. A number 
of the corresponding compounds have been identified among the products of irradia- 


tion of the higher internal olefins with nitrogen oxides 


TATION FROM PURE COMPOUNDS DERIVED FROM PRODUCTS OF IRRADIATED MIXTURE 


\ 


OLEFINS AND OXIDES OF NITROGEN OR FROM OLEFIN-OZONE REACTIONS 


Number Time of Positive Responses 
Static (S) of Exper Exposure 
Dynamic (D) ments (Min) Number * Per Cent 


ition was reported: denominator is total 


Acetaldehyde alone, in concentrations comparable to the product of irradiated 


reactions, produced no irritation. Eleven per cent of the responses from the irradiated 


mixture of acetaldehyde and nitric oxide were positive. This small response might be 
attributable to small amounts of PAN or formaldehyde formed. Reaction in the 
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dark of cis-2-butene and ozone gives as much acetaldehyde and more ketene and 
methanol than the irradiated cis-2-butene and nitric oxide. This dark reaction resulted 
in a positive response of only 4 per cent. It thus appeared that the irradiated reaction 
produced an irritant which was not formed by the reaction of ozone with cis-2- 
butene. Methyl nitrate and PAN were the only two products which were known to 
be present in the irradiated mixtures but not in the dark reaction. When pure samples 
of PAN became available, it was tested and found to be irritating at concentrations as 
low as 2 p.p.m. for 5-min exposures and | p.p.m. for 10- to 15-min exposures (see 
Table 6). The threshold for detection is approached at 0-5 p.p.m. for 12-min exposures 

Formaldehyde and acrolein were definitely irritating in the present investigation 
Five p.p.m. of formaldehyde and | p.p.m. to 2 p.p.m. of acrolein gave rather severe 
irritation. Threshold values for detection in 5-min exposures appeared to be approxi- 
mately | p.p.m. for formaldehyde and somewhat less than 0-5 for acrolein. Increasing 
the time of exposures from 5 to 12 min at the lower concentrations markedly increased 
the irritation. Acrolein appears to be two to three times more irritating than formal- 
dehyde. Threshold limit values recommended by the American Conference of 
Governmental Industrial Hygienists (1958) are 5 p.p.m. for formaldehyde and 0-5 
p.p.m. for acrolein (time-weighted-average concentration for a normal work day). 

The photochemical butadiene-nitric oxide reaction (see Table 5) yielded a severely 
irritating mixture of products, a not unexpected result inasmuch as this reaction yields 
both acrolein and formaldehyde. Even when the starting concentrations were re- 
duced to 0-5 p.p.m., 40 per cent of the responses were still positive. The reaction of 
ozone with butadiene-1, 3 also produces the two aldehlldes but oo PAN: and w hen the 
reaction is completed, considerable irritation is observed. A previous report (DARLEY 
et al., 1960) indicated that this reaction did not produce irritating products. The 
reason for the difference in results is to be found in the longer reaction time of the 
present experiment. 

The present results are in agreement with those reported by ScHUcCK and Doyut 
(1959) as to the concentrations of formaldehyde and acrolein necessary to produce 
moderate eye irritation. Very limited tests of acetyl nitrate are also in agreement, but 
ScHUCK and Doy_e did not test PAN. They concluded that formaldehyde and acrolein 
were the principal materials responsible for eye irritation because they could account 
for all the irritation they observed on the basis of measured concentrations of acrolein 
and formaldehyde. It should be noted that most of their work was done with olefins 
which produced either formaldehyde or acrolein or both, whereas our work has been 
concentrated on the internal olefins which do not yield significant amounts of either 
aldehyde. 


Those compounds produced by the cis-2-butene—nitric oxide reaction which emerged 


from the chromatographic column before and after PAN were tested collectively 


and found to be not irritating 

From these results, it is concluded that the photochemical reaction between nitric 
oxide and certain olefins produces three eye irritants: formaldehyde, acrolein, and 
PAN. Acrolein is two or three times as irritating as formaldehyde, while PAN is 
intermediate in activity. Which of these three irritants contributes most to the irrita- 
tion caused by a given reaction mixture obviously depends on the particular reactants 
in question. At the present time, there is not sufficient data on the concentrations of 
these three irritants in natural air pollution to evaluate their relative importance. 
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PLANT DAMAGI 


Concurrent with eye-irritation experiments, several of the reactions and their 
oducts noted in the foregoing were also studied to determine if they caused plant 
lamage and, if so, to compare such damage with that occurring in the field. In 
exploratory experiments three mercury vapor sterilamps, emitting radiation at 
used to irradiate certain mixtures in a box with a volume of 120 cu ft 
namic air flow system. With a residence time (volume of the box 
of air flow) of only 2 min, extensive reaction was obtained when 
nd mhexane, a comparatively unreactive hydrocarbon, were irra 
radiated mixtures caused severe injury, indistinguishable from injury 
xicants in the polluted ambient atmosphere (HAAGEN-Smir, 1952 
Nose. 1955 LOR ef al., 1960) on leaves of pinto bean, petunia, tobacc« 
Swiss chard, mangel, bell pepper, spinach, and annual blue 
ps emitted ultraviolet light of shorter wave length than 
placed in succeeding experiments by 48 black! 
adiation shorter than 3000 A. The mixt 
less reactive with the blacklite irradi: 


to the reacted mixtures appeared 1 


pinto 
e phytotoxicants forn 
and automobile exhaust 


1960) reported at lea 


e Exhau 
ious attempts to produce plant damage from irradiated automobile exhaust 
ulted in no more than a trace of oxidant-type plant damage (SCHUCK et a/., 1958) 
s failure mi occurred because the selectivity of the phytotoxicants for a 
fic physiok al age leaf tissue and species of test plant was not recognized 


More recently, however, automobile exhaust samples were collected in an evacuated tank 


directly from the tail pipe of a 1957 Chevrolet, diluted one part to 600 to 700 parts of air, 


irradiated for 40 min with 48 blacklite fluorescent tubes. Irradiated exhausts from 
an idling automobile (high in hydrocarbon but with little or no oxides of nitrogen) 
and from a steady 40-mph uphill cruise (low in hydrocarbon and high in oxides of nitro- 
gen) produced no plant damage (SCHUCK, 1957; STEPHENS ef a/., 1959). Irradiated 


but the characteristics of plant response © be 
ume as when sterilamps were used 

Rooted petunia cuttings and &- ean seedlings were used 
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Irradiated Nitrogen D le Plus Hydrocarbons 

Several experi ts were conducted with irradiated mixtures of nitrogen d d 
ind hydrocarbor 5 p.p.1 f each) under static conditions in the long-path ce 
The plants were ex ed in the box on top of the cell (DARLEY ef a/., 1958) only afte 
the reaction was complete, as indicated by the infrared spectrum. All the hydrocarbons 
ised gave the typical plant response noted for photochemical reactions (TA\ k 
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products from a 50-50 mixture of an uphill and downhill cruise (the latter with 
alternating acceleration and deceleration) produced extensive oxidant-type damage 
on 8-day-old primary and trifoliate leaves of pinto beans (see Fig. 9), but caused no 
injury on the 14-day-old leaves. These irradiated mixtures also caused lower surface 
glazing and bleached banding of young expanding petunia leaves. Analysis of the 
diluted exhaust prior to irradiation showed approximately 2 p.p.m. of total hydro- 
carbon and 0-5 p.p.m. of nitrogen oxides. Thus plant damage which is indistinguish- 
able from that caused by irradiated mixtures of oxides of nitrogen and hydrocarbon 
or that caused by polluted ambient air, can be produced quite easily from irradiated 
automobile exhaust. 

Ozone-olefin Mixtures 

Comparisons in plant response were made in dynamic air flow systems between 
irradiated and nonirradiated ozone-olefin reactions. Hydrocarbons and ozone were 
used at | p.p.m. to 2 p.p.m. and 0-5 to | p.p.m., respectively. Residence time in all 
instances was 40 min. 

Nonirradiated mixtures of ozone and I|-pentene, l-hexene, and 3-heptene caused 
typical oxidant injury on the 14-day-old primary leaves of pinto bean but did not 
injure the 8-day-old bean or petunia leaves. By contrast, when these mixtures were 
irradiated, the reaction products caused injury to petunia and 8-day-old bean leaves 
comparable with that caused by irradiated automobile exhaust and by mixtures of 
nitrogen dioxide plus olefin. No plant damage was obtained from ozone—cis-2-butene 
mixtures, either irradiated or nonirradiated, and this is in accordance with previ- 
ous work (DARLEY, ef a/., 1960). Plant damage has been obtained from cis-2-butene 
only when it is in the presence of photolyzed nitrogen oxides. 

With the exception of 2-butene, oxidant-type injury was obtained from all of the 
nonirradiated ozone-olefin mixtures used in the experiments. Furthermore, irradia- 
tion of these mixtures of ozone and olefin caused damage on petunia and 8-day-old 
bean leaves. It is apparent that when certain products of ozone-olefin reactions are 
irradiated, phytotoxicants other than those formerly termed “ oxidants ” are formed 
(HAAGEN-SMIT, ef al/., 1952) 


Irradiated Aldehydes 


Aldehydes are products of ozone-olefin reactions and they absorb radiation at the 


wave length emitted by the blacklite tubes (see Fig. 7). Therefore, the corresponding 


aldehydes (except valeraldehyde) of the ozone-olefin experiments were irradiated in 
Static systems and the products passed over petunias and two ages of bean plants 
Phytotoxic materials were produced from the irradiated aldehydes, which could 
account for the additional injury obtained from irradiated ozone-olefin reactions as 
compared to those same reactions not irradiated. Furthermore, the phytotoxicants 
from the irradiated aldehydes affect the same plants and same ages of leaves as do the 
phytotoxicants from photolysis of nitrogen dioxide plus hydrocarbon mixtures, but do 
not affect the 14-day-old bean leaves (see Fig. 10) which are damaged typically by 
nonirradiated ozone-olefin mixtures. 
Peroxyacid 
Photooxidation of aldehydes is known to yield peroxyacid as a major product 
(McDowe Lt and Farmer, 1954). To explore this possibility, plants were fumigated 
G 
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with peracetic acid vapor (at 0.5 p.p.m., as indicated by potassium iodide analysis) 
An atypical spotting occurred on 14-day-old bean leaves, but no damage occurred on 
&-day-old beans 

Fumigation with hydrogen peroxide in very high concentrations confirmed earlier 
findings (HAAGEN-SitT, ef a/., 1952) that this material could cause oxidant injury 
In the present study, hydrogen peroxide caused typical oxidant injury of 14-day-old 
beans but caused only atypical injury on 8-day-old beans and petunias 

Thus it is evident that oxidant damage occurs from the irradiated olefin-nitrogen 
dioxide mixtures and from ozone-olefin reactions, but the phytotoxicants from the 
two systems are different as to species and age of tissues affected and longevity. The 
phytotoxicant from irradiated ozone-olefin reactions is, however, similar to irradiated 


olefin-nitrogen dioxide mixtures 


Par 
As noted in the foregoing, the one compound common to all the irradiated oxides 
of nitrogen mixtures was PAN 
Purified samples of PAN diluted with clean air (filtered through activated carbon) 
have been used in 16 experiments to fumigate petunias and two ages of pinto bean 
The plant damage from this compound, in dilutions ranging from 5 p.p.m 
for | hour to 0-1 p.p.m. for 5 hours, consistently caused leaf damage indistinguishable 
from that caused by the products of the photolysis of nitrogen dioxide plus hydro- 
carbon and the photolysis of mixtures of automobile exhaust, and from much of the 
damage from polluted ambient air. The higher concentrations of PAN caused severe 
glazing and bronzing of the entire lower surface of 8-day-old pinto bean leaves but 
caused no damage on 14-day-old bean leaves. Damage on young expanding petunia 
eaves was typically the bleached banding on the upper surface, usually accompanied 
by a somewhat larger area of glazing and bronzing of the lower leaf surface (see Fig 


Exposur 5 hours to concentrations of 0-1 p.p.m. caused moderate damage 


on &-day-old bean leaves (see Fig. 12) and severe injury on petunia leaves. The 


dilutions of PAN were mixed in the long-path cell, monitored with the infrared spec- 


) passed across plants in the box. In one experiment, the diluted PAN 
ening and allowed to stand in the long-path cell until the following 
ately 16 hours), then was passed over the test plants. The infrared 

spectrum showed that much (but not all) of the PAN had decomposed overnight 
Nevertheless, there was still sufficient phytotoxicant to cause moderate damage on both 
the young bean plants. The longevity of PAN is considerably 


ytotoxicant from ozone-olefin reactions (ARNOLD, 1959: DARLEY 


1 of dispensing PAN has been employed in more recent experi 
of PAN was introduced (under vacuum) into a low-pressure 
efully pressurized with nitrogen gas to 40 psi. The diluted PAN 

this tank into a plant exposure box, located in natural sunlight 

sary to maintain a constant calculated concentration of PAN. Plant 
ved with this system of dispensing are identical with those previously 
a preliminary test, there was no detectable decomposition of the 
in the nitrogen atmosphere of the pressurized tank) over a 


1 such stability of the material, extensive experiments may be con- 
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Fic. 9. Oxidant Glazing on Lower Surface of Trifoliate (Upper Left) and 8-Day-Old Primary 


(Lower Left) Leaves of Pinto Beans Caused by Irradiated Dilute Mixture of Exhaust from a 
Cruising and an Accelerating-Decelerating Automobile. Upper Surface of Corresponding Leaves 
on Right 
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ducted with a single tank of the material. It is also possible, with this system, to use 
calculated concentrations of PAN in the plant experiments which are much lower than 
those which can be detected by any of the available methods. An extensive study is 
planned of the response of a variety of plants to this material, both as to growth and 
as to visible injury. This will be greatly facilitated by the new method of dispensing 
PAN. 


DISCUSSION 
It is recognized that PAN is only one member of a homologous series of compounds, 
the other members of which may be more or less active than PAN in regard to eye 
irritation and plant damage. The infrared spectra of the products of the ethylene- 
nitrogen oxide photoreaction show no evidence of the presence of a formyl derivative, 
so it is believed that this one-carbon compound is not stable. The three-carbon 


compound may, on the other hand, be more stable than the acetyl compound, and 


plans are being made to prepare and purify this member of the series 

At the present time there is not sufficient evidence for ascertaining the relative impor- 
tance of formaldehyde, acrolein, and PAN as eye irritants in photochemical air 
pollution because data on the concentrations of these three materials in polluted air 
are lacking. The limited data available indicate that these concentrations are approxi- 
mately one order of magnitude lower than the concentrations necessary to produce 
significant irritation of a test panel. A number of factors may be suggested to explain 
this discrepancy: 1, the small size of the test panel compared to the population exposed 
to natural air pollution; 2, the short duration of the exposure of the test panel; 3, the 
simultaneous presence of several irritants in natural air pollution; and, 4, the exposure 
of the eyes to bright sunshine, which may increase their sensitivity. There remains the 
possibility that other irritants remain undiscovered. On the other hand, the impor- 
tance of PAN as a plant toxicant seems established even by the limited studies so far 
completed Prior to these studies, it was generally assumed that noxious properties ol 
photochemical air pollution should be ascribed to various oxidized organic materials 
and that the role of the nitrogen oxides was simply that of a photoinitiator. With 
the recognition of PAN, which contains oxidized nitrogen, as an eye irritant and plant 


toxicant, the role of the nitrogen oxides assumes greater importance 
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DIFFERENTIATING NEEDLE BLIGHTS OF WHITE PINE 
IN THE INTERPRETATION OF FUME DAMAGE* 


GeorGe H. HeptinGc and CHARLES R. BERRY 
Division of Forest Disease Research, 
Southeastern Forest Experiment Station, 
U.S. Dept. Agriculture, Forest Service 
(Received 20 June 1960) 


EASTERN white pine (Pinus strobus) is subject to an unusually large assortment of 
maladies, many of which could be, and have been, confused with fume damage. 
White pines, eastern and western, are regarded as sensitive to such pollutants as sulfur 
dioxide and fluorine. Recently Hirt of Syracuse (1959) put together a bibliography 
of diseases of eastern white pine. This included 24 references dating back to 1908 
dealing with phases of the white pine needle blight complex. The titles of these papers 
indicate that needle fungi, root fungi, weather, air pollution, a virus, aphids, and 
other agents have been suspected, but few proven, as causing needle blights of this 
species. One of these papers, dealing with a prominent type of needle blight, was 
entitled “* Needle Blight, Mystery Disease of White Pine ’’—a name that would still 
fit one of the most common blight types. 

White pine typically bears three years’ needles in summer and two in winter. 
However, very vigorous leaders or laterals may, by November of any given year, have 
only one year’s needles still attached, and they may not extend all the way back to the 
first node. This habit on the part of many healthy trees to retain only the current 
year’s foliage must be understood in interpreting needle shedding in connection with 
possible fume damage. 

In the southern Appalachians there are two fungus needle blights that can be quite 
readily identified : 


Bifusella blight 

This is caused by the fungus Bifusella linearis. It occurs in local patches rather than 
over large areas, and is not noticeable on the current year’s needles. Older needles 
can become blighted, the dead portions usually extending from the tip part way to the 
base, with the dead parts bearing large, black, long, raised fruiting-bodies of the 
fungus. It is easily identified 


Brown spot 

This is caused by the fungus Sc/rrhia acicola that causes the well-known needle 
blight of longleaf and loblolly pines. White pines on localized areas have been found 
affected by this disease in recent years in the southern Appalachians. The current 
year’s foliage may show tipburn symptoms early the first winter. Older needles be- 
come partly or entirely blighted, and a striking aspect of this disease on white pine is the 


copious shedding of affected foliage, usually in the spring of the second year. Small, 


* Presented at 3rd. National A Pollution Research Seminar. New Orleans. La.. March 23. 1960 
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black fruiting-bodies are evident on the needles by the time they shed, so this blight 
can usually be readily identified 

Besides the clear-cut, fungus-caused needle blights, there is a very general syndrome 
commonly referred to as white pine blight, involving to a greater or less degree 
browning of needle tips or whole needles, shortening of shoot growth, shortening and 
yellowing of needles, premature shedding of needles, general thinning of the crown, 
often death of the trees, but lack of any clear relation to a pathogen. Parts of this 
syndrome have been observed practically wherever eastern white pine grows, from 
Canada to Georgia, and through the Central and Lake States. The condition that ts 
characterized mainly by perennially short shoot growth and yellow and short needles, 
with no pathogen evident, has been referred to as chlorotic dwarf. This condition ts 
common with some planted trees from the time they are set out. At this point it 
should be emphasized that the terms white pine blight and chlorotic dwarf are simply 
symptom complexes and do not imply anything with regard to the causes 

The most widespread type of blighting, the so-called mystery disease, may occur 
only during certain years or may recur perennially on certain specific trees. It ts 
characterized mainly by a browning of the distal parts of needles during the growing 


season. Henceforth, this will be referred to as emergence tipburn, because it occurs 


only during the period of needle growth and because the distal parts of the needles die 


This is probably the commonest type of blighting observed over the East, and its cause, 
if it is a single entity, is not known. FAu.t (1922) and his associates working in New 
England, and later LiInzon (1958) working in Canada, have listed means by which 
they distinguished emergence tipburn from fume damage. TOoLe (1949) summarized 
studies made on this condition in the southern Appalachian region up to that time 
He, like others, called attention to the marked tree-to-tree variation in blighting, the 
fact that large trees could be killed in a few years, and added that trees hit during 
successive years with tipburn alone could finally develop typical chlorotic dwart 
symptoms in which the needles emerge yellow and stay short. For the characteristics 
of what we call emergence tipburn and for what appear to have been stack-gas effects 
in the Northeast, reference is made to the numerous publications of FAULL (1919) and 
the later work of LINZON (1958, 1960) 

Because of chronic blighting of the foliage of white pine in recent years in east 
Tennessee, the U.S. Forest Services and Tennesee Valley Authority have renewed 
investigation of the white pine blight complex. One of the primary objectives has 
been to learn how to distinguish and separate the needle troubles occurring on white 
pine in the Southeast that can not now be attributed to a pathogen. The following 


are three that can be recognized as distinct entities 


mergence 

This is probably the same as the common “ mystery ™ disease of the past, mentioned 
earlier, the cause of which has defied so many researchers. During the growing 
season, the distal parts of the needles become reddish-brown, then brown, and later 
grayish, after which the dead tips usually break off. Only the current year’s needles 
are affected. A given tree ts generally quite uniformly affected, and its needles may be 
dead just a short way back from the tips, or for most of their length. The affected 
needles are not shed prematurely. There is a marked tendency for the same trees to 


show this trouble during “ blight ~ years, indicating genetic susceptibility, and for 
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neighboring trees to remain consistently free from it. The line of demarcation between 
the dead and living part of the needle is very sharp, and usually is a yellow-green band. 
During certain years, emergence tipburn may occur over large areas throughout the 


East, and in other years it is hard to find. It may recur perennially, and dominant 
trees have been known to die of it, but it is often not damaging in the southern 
Appalachians, and growth becomes normal between “ blight ” years. Dead root ends 
are common with this condition, and it is likely that the degree of recovery between 
attacks depends upon extent of root dying during attacks. If one can follow this 
condition from its onset during the growing season on specific trees, its identity can 
usually be established 

LINZON (1960) gives a good up-to-date account of this blight in Canada, and regards 
it as a physiogenic disturbance 


Post-emergence acute tipburn 

This is a sudden browning of some or all of the foliage, often involving the entire 
length of the needles, that may occur at any time of year. Both current and old needles 
may be affected. Needles may shed, in quantity, shortly after the damage appears 
This condition has been observed following accidental, very localized, heavy fumiga- 
tion with chlorine, and experimental, confined fumigation with sulfur dioxide at 
levels beyond any known to occur in areas of white pine blight in Tennessee. It has 
also been observed occasionally on white pine near soft-coal-burning steam plants 


Post-emergence chronic tipburn 

This condition may be a result of certain industrial stack gases. It is particularly 
similar to emergence tipburn in many respects, including the marked tree-to-tree 
variation from none to severe blighting, the often shortened and somewhat yellowish 
foliage, the marked reduction in shoot growth that accompanies severe blighting, and 
the frequent involvement of current year’s needles. It differs, however, in that the 
needle browning may appear at any time of year rather than just during the growing 
season, and also in that the needles usually show a gradual dieback from the tips, with 
a gradient from brown at the tip to green at the base, with some mottling of the green 
parts, whereas in the case of emergence tipburn the line of separation of blighted and 
unblighted tissue is sharp 

If this condition is due to air pollution in east Tennessee—and that must be con- 
sidered a possibility there and in some other areas—extensive analyses for sulphur 
from samples collected of current and older foliage on blighted trees from many 
localities near sources of coal smoke have failed to show elevated concentrations, and 
thus failed to indict sulfur dioxide. Analyses for fluorine on similar samples collected 
by TVA have failed to show concentrations of fluorine that appear at all likely to lead 
to blighting of foliage. Post-emergence chronic tipburn, when severe, affects trees 
systemically, with the foliage consistently short, often off-color, and with brown tips 
The shoot growth becomes progressively shorter. Extensive root mortality accom- 
panies this condition, involving not only the fine feeder roots, but also roots up to 
one-half inch or more in diameter 

Thirteen hundred isolations from root systems of such trees have failed to yield a 
single pathogen, and the occurrence of the trouble from creek bottoms to hilltops 
makes a relation to soil moisture unlikely. If post-emergence chronic tipburn is due 
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to air pollution, it must result either from gases not yet identified in connection with 
it, or to long-time effects of concentrations of sulfur dioxide or fluorine so low that 
their accumulation in toxic amounts has not been demonstrated in the analyses made 


So tar 


TABLE |! MEANS OF DISTINGUISHING FIVE NEEDLE BLIGHTS OF WHITE PINE THAT 
OCCUR IN THE SOUTHERN APPALACHIANS 


Disturbance 


Post-emergence Post-emergence 


Scirrhia Emergence 


icola tipburt chronic acute 
acicokw 
tipburn tipburn 


urrent Current Any Any 


In spring In summer Any season Any season 
when needles when newly 


emerging 


Sharp Indefinite Usually sharp 


None None None 


Common 


None Profuse with Sometimes 


needles 


Gradua Sudden 


and the living proximal parts 


In Table | an attempt has been made to provide means of identifying and separating 
needle blights of white pine in the southern Appalachians. 

In addition to the white pine blights already mentioned, aphids clustering along new 
shoots have been reported to cause an irregular needle dieback, the length of the dead 
part varying among the needles of the same fascicle from none to most of a needle. In 
the case of one species of shoot aphid, attack thinned the crowns and made the new 

very limp (HOFFMAN et al., 1957). Root aphids of the genus Prociphilus have 
been suspected by Too.e (1949) and by Davison (1950) as being capable of causing 
foliar blighting, and the roc: rot caused by Fomes annosus can cause crown thinning 
in the latest stages before death or windthrow. This latter disease, however, can be 
identified by the rot and the fungus sporophores, and should not be difficult to diag- 
nose. Nematodes have also been getting some attention on white pine, and many 


species have been found in the soil around white pine roots. Another factor that can 


>) Bifusella 
near 
rrent 
Needles affected  Curre 
— 
diighting when needies 
ire | year are | year ee 
‘ | old 
Margin * Sharp Sharp a 
Fruiting bodies Large, black Small, black ee 
fung 
‘ US 
Vc 
Mottling None Discrete None _ None 
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spotting 1 
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add to the problem of identification when aerial surveys are being made for white pine 
blights is the tendency of the upper crowns of white pine to have very sparse foliage 


when heavy seed crops are produced. 

The Canadians, who are doing interesting work with the white pine blights, the 
TVA, and the U.S. Forest Service, through a wide variety of investigations, including 
analytical work, culturing, grafting, transplanting, fertilizing, pruning, and the use of 
many other techniques, expect to get to the bottom of most of the elements that make 
up the white pine blight complex, particularly the two that we call emergence tipburn 
and post-emergence chronic tipburn. White pine has developed a sickly appearance 
and many trees have died in the vicinity of certain soft-coal-burning steam plants. It 
has proven to be difficult to assess the possible role of air pollution in such cases unless 
one can clearly differentiate the symptoms of fume damage from those of other 
troubles that so often occur in the same areas. 
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AEROBIC SLUDGE DIGESTION*} 


N. Jaworski, G. W. Lawton and G. A. ROHLICH 
Hydraulic and Sanitary Laboratories, University of Wisconsin, Madison, Wisconsin 


INTRODUCTION 


Most of the experimental studies which have been reported on aerobic digestion of 
domestic sewage sludges have been on mixed liquors with suspended solids concentra- 
tions of less than 10,000 p.p.m. Some work has been done on aerobic digestion 
(fermentation) of sludges at higher concentrations 

In 1950 CoackLey (1955, 1958) carried out a series of experiments to determine the 
extent of aerobic digestion of sludge which had been previously subjected to anaerobic 
digestion. In one series, the anaerobically digested sludge was aerated without 
inoculation by aerobic organisms. Another series was inoculated with aerobic 
organisms found in a compost heap. The third series continued the anaerobic diges- 
tion of the sludge. The three series were carried on up to 71 days of digestion with 
temperatures of 18° C. and 37° C 

Although COACKLEY was primarily interested in the dewatering characteristics of 
the sludge, he also observed the reduction of solids and organic nitrogen. At a 


temperature of 18° C., the reduction of volatile solids after 48 days of digestion was 


not appreciable, even in the inoculated series. In the 37° C. non-inoculated series, the 
volatile solids were reduced from 2-98 per cent to 1-08 per cent after 47 days, while in 
the inoculated series, they were reduced from 2-66 per cent to 1-52 percent. A decrease 
in organic nitrogen was also noted in the aerobic units which did not occur in the 
anaerobic series. The aerobic series produced a stable sludge which showed no signs 
of decomposition when left without aeration. Anaerobic digestion could not be 
initiated in this series even after the digesters were inoculated with anaerobic organisms 
Murpny (1959) studied the effects of aeration on the filterability and the settle- 
ability of sewage sludges. He used primary and waste activated sludges, mixed at a 
ratio of 1 : 1 by volume, and aerated the sludges for various lengths of time at con- 
trolled temperatures. Most of his work was done at 15°C. He concluded that the 
reduction of volatile solids at 15° C. with digestion times up to six days was not 
appreciable 
AKERS (1959) of lowa University investigated some of the factors that may influence 

the auto-oxidation (endogenous respiration) rate of biological sludge. Two primary 
factors were considered in his study 

the effect of auto-oxidation rate on the mean sludge age (pounds of suspended 

volatile solids in the system divided by the pounds of suspended volatile solids 

into the system daily): 

the effect of separate aeration (aerobic digestion) of the mixed liquor without 

additional substrate being added during the aeration period. 


The work herein reported was supported by a grant from the Walker Process Equipment Com- 
pany, Aurora, Illinois 
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In his study the average reduction in volatile solids in 8 days at 23° C. was greater 
than 20 per cent. The corresponding reductions in suspended volatile solids, BOD, 
and COD were 30, 60 and 35 per cent respectively. 

His study also indicated that the rate of change of auto-oxidation is considerably 
less than the rate of change of the sludge age. 

ECKENFELDER (1956) studied aerobic digestion using waste activated sludge from a 
conventional activated sludge plant. Four-liter digesters were aerated for a period of 
seven days with the temperature maintained at 25° C. At the end of the seven day 
period of aeration, his data showed a reduction in COD of 48-5 percent, a reduction in 
suspended volatile solids of 38-2 per cent, and a decrease in volatile solids content 
from 76-5 to 63-5 per cent. The soluble nitrogen increased from 46 p.p.m. to 94 p.p.m 
in the 7 days of aeration. 

The work reported herein was undertaken to study the effects of temperature, time, 
and loading rates on the aerobic fermentation of blends of primary and waste activated 
sludges. Both batch-type and incremental feeding (referred to as continuous feeding) 
studies were made. The sludges used were obtained from the east section of the Nine 
Springs Sewage Treatment Plant, at Madison, Wisconsin. This sludge is produced 
from a domestic waste comprised of approximately one-third pretreated meat packing 


waste and two-thirds domestic sewage. 


EXPERIMENTAL APPARATUS 


The digesters used in this study were 6-liter Erlenmeyer flasks with four inch 
diameter holes in the base. In operation, the flasks were inverted and placed in steel 
drums which served as constant temperature baths. 

Air was supplied to the bottom of each digester by a glass tube inserted through a 
rubber stopper. These tubes produced air bubbles large enough to keep the digesters 
well-mixed in addition to supplying oxygen for the microbial population. The rate of 
air supplied to the digesters was measured by calibrated orifices and rated water 
manometers mounted on a nearby panel 


SKETCH OF AERATION APPARATUS 
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The temperature was controlled separately in each bath by means of a 300 watt 


heating coil regulated by a precise temperature sensing element and relay. These 


controls held the temperature fluctuations in the baths to approximately plus or minus 
C. 

Cooling water from a refrigerated source was pumped into the baths by means of a 
1/2 inch centrifugal pump and returned to the refrigerated tank by gravity. The flow to 
each bath was regulated separately, thus permitting more precise temperature control. 
A sketch of the aeration apparatus is shown in Fig. |. 


EXPERIMENTAL PROCEDURE 


Batch Digestion Studies 

Batch runs were made in which temperature, digestion time, and solids loading 
were varied. A starting volume of four liters of substrate was used in each of the 
digesters with 0-20 ft®/m of air being supplied throughout the batch runs. Evapora- 
tion losses were made up with distilled water prior to daily sampling. The substrates 
were blends of primary and waste activated sludge 

Preliminary studies on a batch basis indicated that solids concentration and tem- 
perature were important variables. Aeration of sludges which had total solids con- 
centrations of 0-75 and 3-06 per cent for six days at 20° C. gave COD reductions of 
SO and 12 per cent respectively. At 0-75 per cent solids the reduction in volatile 
matter in six days ranged from 28 to 44 per cent for temperatures of 15° and 25° ¢ 
At a solids concentrations of 3-06 per cent reductions in volatile matter were consider- 


ably lower, being only 11 per cent at 15° C 


Continuous Digestion Studies 

The feed used in the continuous digestion studies contained approximately 3-2 per 
cent total solids of which 70 to 80 per cent were volatile matter. This feed consisted 
of a 1,75 to 1-00 ratio (dry solids basis) of primary and waste activated sludges. The 
air rate was maintained at 0-20 ft® m per digester. The digesting volume was held at 
4-00 liters throughout the study with evaporation losses being made up prior to daily 
sampling and feeding 

[he detention time controlled the size of daily sample and loading rate. For 
example, with a 4000 mi. working volume and a 10-day detention time, a 400-ml. 
sample was withdrawn daily and the same volume of feed material added. With the 
feed being held constant at 3-2 per cent total solids (72-5 per cent volatile matter) the 
10 day detention time fixed the volatile solids loading rate at 0-145 Ibs ft® of digester 
capacity per day 

Table I shows the detention times, sample sizes, loading rates, and temperatures 
used in the continuous digestion Studies 

In the continuous feeding studies, digestion was carried on until equilibrium 
conditions were attained before analyses were made on a routine basis. The digestion 
was then continued for approximately one month with analytical data being obtained 
at intervals of one to three days. The data used in this report thus represent equili- 
brium conditions for each detention period considered. A total of eleven series of 
continuous aerobic digestions were conducted. 


The effect of temperature and time of digestion on the volatile solids content of 
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TaBLe | 


Volume of Loading Rate 
Detention Time Temperature Sample Volatile Solids 
days (ml) ( /ft®/day) 


800 0-290 
800 0-290 
0-290 


400 0-145 
400 0-145 
400 0-145 


267 0-096 


0-048 
0-048 


0-024 
0-024 


aerated sludge is shown in Fig. 2. The per cent reduction curves indicate that sharp 
increases in volatile solids removal take place as the detention time is extended up to 
about 12 days. Beyond that time the per cent reduction shows only moderate in- 
creases, indicating that for the temperatures considered the practical upper limit or 


detention time, as far as volatile solids reduction is concerned, is approximately 15 


days. It is important to note that the loading rate varies inversely with the detention 


time in these studies, thus it appears that the maximum practical loading rates, based 
on per cent reduction in volatile solids, are approximately 0-1 Ibs of volatile solids per 


cubic foot per day, again considering only volatile solids reduction. 
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Considering the volatile solids in terms of pounds removed per cubic foot of digester 
space per day it appears that short detention periods are definitely more practical 
The efficiency of the digester, based on the pounds of volatile solids removal, increases 
as the loading rate increases, however other factors such as drainability, drying 
characteristics of the remaining solids, and supernatant characteristics must also be 
considered. The curves in this figure indicate that while temperature has an appreciable 
effect at short detention times, this effect decreases considerably as the time is 
lengthened (or the loading rate decreased). At an 8 day detention time the 35° ¢ 
digester removed about 40 per cent more volatile solids per cubic foot than did the 
15° C digester. On a percentage basis the removals range from 38 to 28 per cent 
respectively at the two temperatures 
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3 shows more clearly the effect of temperature on per cent reduction in volatile 
at various loading rates or detention times. For long detention times (60 days) 
effect since digestion is essentially completed at all temperatures 


mes (five days) the effect of temperature also appears to be o 
rhaps because of the heavy loadings to the digester. At inte 
nes (and loadings) the temperature produces more noticeablk 

ids reduction, with the higher temperatures being more 

at various loading rates for fixed detention periods would 
erature and detention time on pH, alkalinity, and concentration 
of solids are presented Fig. 4 The solids concentrations, total and volatile, show 
little change afte day detention periods at both 15° and 20° ¢ Alkalinity shows a 
gradual decrease for detention periods up to about 30 days at the temperatures studied 
The alkalinity for the 60 day detention was at approximately the same level as for the 
30 day detention period. The pH increased for detention periods up to about 10 days 
to a maximum value of about 8-0, and then decreased gradually to values near 5-0 


20} 
VC 
o 
1 
ow 
3 
; 
Fig 
leet 
SUTIU 
tempel 


Aerobic Sludge Digestion 111 


These low pH values found at equilibrium in the long detention times are usually 
considered to be unsuitable for aerobic metabolism. However, in only one case did 
there appear to be appreciable build up of volatile solids in the digester after long 
aeration (65 days) following equilibrium conditions. 

The effects of temperature and detention time on the concentration of ammonia, 
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nitrites, and nitrates are presented in Fig. 5. The curves in this figure indicate the 
usual relationship between ammonia, nitrites, and nitrates in aerobic fermentation 
It is noted that more than 600 p.p.m. nitrate-nitrogen was formed at 60 days detention 
time, indicating that nitrification was proceeding uniformly even at the low pH levels 
present. (Summary data are given in Table 2.) 

The drainability of the sludges was measured on gravity sand filters supported by 
filter paper in Buchner funnels. The volumes of filtrate were determined over periods of 
several hours. It was found that sludges digested for five days usually exhibited poorer 
drainability than undigested sludges, while sludges digested for 10 days or longer 
showed improved drainability. In general, for detention times of 10 days or more, 


70 to 80 per cent of the original volume of the sludge appeared as filtrate within one 
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hour, as compared to about 40 per cent as filtrate in one hour from the untreated 
sludge. With detention times of 10 days or greater the effect of digestion temperature 
on drainability appeared to be of minor importance. 

When digested sludges were dried for a period of four days, cracks appeared in the 
sludge cakes. No obnoxious odors developed during the drying process. The sludge 
cake, after one week of air drying was low in moisture content and held together 


firmly 


AEROBICALLY DIGESTED 
SWOGE 
-E ff iuent- 


Few of the digested sludges exhibited good settling characteristics. Sludges 


digested for short periods of time and at low temperatures showed poor settleability, 


perhaps due to the highly dispersed state of the undigested particles. Sludges that had 
been digested for 30 days showed formation of gas bubbles which caused the solids to 
float. In some cases the gas bubbles appeared in approximately one half hour, pro- 
bably the result of denitrification of the sludge. The gasified sludges would not settle 
unless the gas bubbles were mechanically removed. Only the sludges digested for 60 
days at 15 C and 20° C and those digested for 10 days at 35° C showed improved 


settling characteristics 
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Ihe BOD values of the supernatant liquors 
analysed with the exception of one liquor 
time The values ranged from 5 to 78 |] 


The COD va if the 


and 


At the end of the final series of the continuous digestion study, the digesters were 


adjusted to a pH of 7-2 with caustic soda and aerated without further feeding. The 
pH was maintained at 7-2 and aeration continued for 47 days. The volatile solids 


content of the sludges decreased from an average of about 62 per cent down to 55 pet 


cent in those digesters where detention times previously had been 10, 15, and 60 days 
In the digester which previously had a five day detention period the volatile solids 
content decreased from 70 per cent down to 47 per cent. It is likely that the former 


H 


TABLE 2 SUMMAR la 
Detentio Temp. __V. Solid hH Alkalinit NH NO Ni 
(days) Red.) p.p.n 
) j ) 
) f 1-9 
| 4 4 
60 1) { 0 
vere | than 100 n.n-r n all samples 
ym a digester having a 10 day detentior 
with the exception of the one value of 
VOL. 
4 U p.p.t Rees supernatant liquors analysed ranged from 360 
670 p.p.m. for the various time HB temperatu C gitior studied (See Table 3 
| SUPER CH 
Detentio lemperat BOD COD 
(d ( 
670 
10 ”) 
10 360 
‘ 141) 
; 
60 ”) 4 460 


N. Jaworski, G. W. Lawton and G. A. ROHLICH 


sludges (10, 15, 60 day detention times) being more completely digested, had accumu- 
lated a greater amount of volatile matter which was more difficult to digest than had 
the sludge which originated from the five day detention period digester. 


CONCLUSION 


Data obtained from this study indicate that aerobic digestion of mixtures of raw and 
activated sludge is feasible. From a consideration of the results obtained it was 
concluded that 

1. Reduction of volatile solids is a function of detention time. However, beyond 

digestion periods of 15 days, only small increases in the reduction are obtained. 
In general, greater reductions in volatile solids are obtained at higher tempera- 
tures ol digestion 

n general, higher volatile solids removal is obtained at lower loading rates 
Settling characteristics of sludges digested for 30 days or less are generally poorer 
than those of the undigested sludges 

Sludges digested for periods greater than five days show satisfactory drainability 
characteristics 

Supernatant liquors from aerobic digesters exhibit relatively low BOD values 
when compared to anaerobic digester liquors 


Drying of aerobically digested sludges produces little odor. 
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INTRODUCTION 


INTEREST in the biological degradability of nitrogen-containing organic compounds is 
twofold. First, if the nitrogen contained in the organic compound were available and 
sufficient for bacterial nutrient supplementation, no additional nitrogen would have 
to be added to promote unlimited bacterial growth. Second, as chemical and related 
industries continue to expand, the organic constituents of their waste streams become 
ever more varied. Some of these organics are nitrogen-containing; therefore, as 
industry attempts to reduce its pollutional load on receiving streams, it becomes im- 
portant to know as much as possible about the biological degradability of nitrogen- 
containing organics. To deal effectively with this problem, the sanitary engineer must 
know how the type of nitrogen group, the number of groups, the position of the 
group on the organic molecule, and the structure of the organic molecule to which 
the nitrogen group is attached, will affect biological degradability. 


LITERATURE SURVEY 


A very brief literature review concerning the biological metabolism of the com- 


pounds used in this study will be given. An early mention of the availability of 
organic nitrogen was made by HELMERS, FRAME, GREENBERG, and SAwyerR (1951). 


They presented the following table of organic nitrogen availability: 


TABLE | AVAILABILITY OF ORGANIC NITROGEN IN VARIOUS WASTES 


Waste Per Cent Nitrogen Available at 20° ¢ 


Cotton Kiering 
Rag-Rope 
Brewery 


Sewage (av.) 


Later Sawyer (1956) in discussing his experiences at Sioux Falls, South Dakota 
Stated that in biologically treating a combined domestic sewage and packing-house 
waste there was sufficient nitrogen release from the protein degradation to cause 


unusually severe problems of nitrification and denitrification 


{mino Nitrogen 


Reports of alpha amino acid breakdown are widespread in the literature. Examples 


° Paper presented at the Conference on Biological Waste Treatment Manhattan College April 


20-22. 1960 


VOL. 
73 


McKinney, R. M. and E. J. Donovan, Jr 
e degradatior ilpha amino acids were given by TANG and Hsueu (1943) 


NH, + alpha-keto, beta hydroxy propionic acid 
NH, +alpha-keto succinic acid 
2NH, +alpha-keto succinic acid 


NH, +alpha-keto glutaric acid 


aromatic amine aniline by a pure cu 
Moore (1949) 

ARA (1953) using Stanier’s Method of Simultaneous 
nobenzoic acid (anthranillic acid) was degraded 
c acid) and then to catechol. Catechol then 
ittle appears in the literature concerning m-amino 
egradability or its method of breakdown DURHAM 
ith Pseud is fluorescens gave the metabolic 
acid to p-hydroxybenzoic acid 


n breaks down to beta-keto 


he breakdown 
ydroxvlamine 
reduction of nitrate nitrogen to 

ydroxyli ie y also showed that cells grown on 

not adapted ami enzol "1d, o-hydroxybenzoic acid 
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an unsuccessiul two-yeal 

RHAM (1958) demonstrated by 

the degradation of p-nitro 

ad already found the metaboli 

id, DURHAM (1956), the entire breakdown of p-nitro 

CaINn (1957) disagreed with this concept, however, as 
p-nitrobenzoic acid did not adapt to p-aminobenzoi 


on t tro benzoic acids 


sOlated an organism, tentatively an Actinomycetacea 

1g sodium cyanide. This organism could convert the 

quantitatively to ammonia. More recently, Nessitt, Kou 

and WAGNER, Jr. (1960) si lly treated 60 and 120 mg/| of cyanide as potassium 
cyanide by activated sludge. LUDZACK, SCHAFFER and BLOOMHUFF (1959) also re- 


ported on the metabolism of various organic cyanides (nitriles). Among others, they 


\ he 


found that activated sludge units operated on acetonitrile and benzonitrile metabolized 


the nitrile satisfactorily The nitrile concentrations studied were around 100 to 200 


mg/l and the nitriles were mixed with settled sewage before treatment 
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SELECTION OF COMPOUNDS 


Ihe compounds used in this study are given in Table 


COMPOUNDS 


Complex Nitrogen Compound Nutrient Broth 

Amino Nitrogen Compounds Alanine 
Propyl Amine 
Aniline 
o-amino Na benzoate 

amino Na benzoate 

p-amino Na benzoate 
o-nitro Na benzoate 
m-nitro Na benzoate 
p-nitro Na benzoate 
3,5-dinitro Na benzoate 
) 4.6-trinitro Na benzoate 


propionitrile 


troso nitrogen comp¢ 


Since there was some uncertainty as to the availability of the nitrogen in a complex 
organic material, a study was made using nutrient broth as the sole substrate for the 
activated sludge. Nutrient broth is a mixture of beef extract and peptone and is 


similar to a complex protein waste. On dilution, nutrient broth is nutritionally 


balanced and has an average COD/N ratio of 8-5/1 with 98 per cent of the nitrogen 


in the organic form 
Io determine what effect the nature of the organic molecule to which the nitrogen 
group is attached has on degradability, the behaviour of alanine, propyl amine, and 
aniline was studied. These represented an alpha-amino acid, an alkyl amine, and an 
aromatic amine. To study the effect of position of the amino nitrogen group on an 
organic molecule, the o-, m-, and p-amino sodium benzoates were also investigated 
The study of the o-, m-, and p-nitro sodium benzoates was made to check 
of position of the nitro nitrogen group on the molecule as well as to comps 
results obtained with those obtained with the corresponding amino nitrogen com- 
pounds. This comparison will define the effect of the type of nitrogen group on 
metabolism. The two poly nitro compounds were investigated to determine 
on the metabolism of the organic compound of having more than one nitro § 
the molecule 
[wo representative cyano nitrogen compounds were taken for study 
nitrile, to correspond to propyl amine and the other, benzonitrile, to corre 
iniline. It was felt that a study of the fourteen compounds listed above would 
insight into the variables connected with the metabolism of nitrogen-containing 


organic compounds 


TABLE 2. GEE USED IN THIS STUDY 
jas ( npound 
Cyano Nitroger 
Note: Ni __EUnds were commercially unavailable and therefore could not be studied 
VOL. 
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PROCEDURES 


In general the procedures of this investigation followed those outlined below. The 


activated sludges were grown in 1-5-litre pilot plants. The aeration period was 23 
hours. At the end of this time the air was shut off and settling allowed to occur for 
one hour. At the end of the settling period, 1-0 litre of supernatant liquor was with- 
drawn, 1-0 litre of Cambridge, Mass. tap water replaced, organics and buffer added, 
and aeration resumed. This cycle was repeated seven days a week for the duration of 
the study. No supplemental nitrogen was added to the systems. 

The quantity of feed was based on C.O.D., the usual C.O.D. of the feed being 
1000 mg/|. Control of the units was based on C.O.D. removal, MLSS (mixed liquor 
suspended solids), and pH. Occasionally, at the end of the aeration period, 25 ml of 
mixed liquor was passed through a weighed membrane filter which was then dried at 
103° C and reweighed to determine the level of the MLSS. The membrane filtrate 
would then be analyzed for C.O.D. and all forms of inorganic nitrogen 

Investigation into the mechanism of operation of the systems was made on the 
Warburg Respirometer by two different types of tests. The first was a study of the 
possible metabolic intermediates occurring in the breakdown of the compound by the 
simultaneous adaptation method of Stanier’s. Washed sludge, grown on the indivi- 
dual substrate, was placed in the Warburg Respirometer with low concentrations of 
several possible intermediates. The oxygen uptake was measured for six hours and 
at the end of that time the contents of each flask were passed through a membrane 
filter so that the filtrate could be analyzed for C.O.D. and the inorganic nitrogen 
forms. Acids were always fed as the sodium salts 

The second type of Warburg study was made by placing replicate samples of washed 
mixed liquor in the Respirometer flasks immediately after feeding. Then at various 
times during the next day a flask was removed from the Respirometer and its contents 
passed through a membrane filter. The filtrate was then analyzed for C.O.D. and all 
inorganic nitrogen forms. The change in C.O.D. and nitrogen was then correlated 
to the oxygen uptake to determine the mechanism of nitrogen release 


RESULTS 
Complex Protein 
Five systems were operated on a substrate of nutrient broth alone. The feed had 
an average C.O.D. of 1130 mg/l, an average organic nitrogen content of 131 mg/l, 
and an average ammonia content of 2:5 mg/l. The five units were all operated the 
same except for the sludge wasting. The units had respectively, 0, 100, 200, 400, and 


600 ml! of mixed liquor wasted every day just before the air was shut off at the end of 
the aeration period. The units were operated for 35 days. All five units operated 
well, giving good C.O.D. reduction throughout the test period. Only the 0- and 600-ml 
mixed liquor waste units will be discussed in detail as they represent the extreme con- 
ditions. In the 0-ml waste system the volatile suspended solids rose from 1100 mg/! 
to 4000 mg/! during the test period. At the same time the organic nitrogen in the 
udge rose correspondingly so that the per cent nitrogen in the sludge remained steady 
about 10 per cent. The volatile suspended solids in the 600-ml waste system held 
-~ady at about 500 mg)! during the entire run. Here again, although the data were 


ttle erratic, the per cent nitrogen in the sludge averaged about 10 per cent for the 
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thirty-five days. The nature of the nitrogen forms in the effluents of these two systems, 
Fig. 1, are of interest. In both cases all or almost all of the nitrogen contained in 
the feed was released as inorganic nitrogen when the C.0.D. was removed. This 
nitrogen was then available for bacterial synthesis. The 10 to 15 mg/l of organic 
nitrogen recovered in the effluent was due mostly to suspended solids in the effluent 
as that determination was not made on membrane filtrate, but on the effluent as it 


z 
z 
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Fic. | Nitrogen in effluent substrate-nutrient broth 


came from the unit. In the 0-ml waste system the nitrogen was released as ammonia 
but after about the tenth day a nitrifying population developed and thereafter the 
ammonia was oxidized, first to nitrite, and then, about the 15th day, to nitrate. The 
ammonia gas lost to the system of about 7 mg/I decreased as the pH of the system 
dropped, due to the onset of nitrification. In the 600-ml waste unit the start of 
nitrification was delayed until the 20th day and only about 20 mg/l of nitrite were 
being produced by the end of the run with no nitrates being produced. The high 
amount of wasting kept the population of Nitrosomonas and Nitrobacter low. The 
resulting high pH from ammonia release allowed from 10 to 15 mg/l of ammonia 


gas to leave the system 


{imino Nitrogen. Simultaneous Adaptation Technique. 

ilanine. The proposed metabolic pathway of alanine which was to be checked 
was: alanine yields on hydrolysis, acrylic acid and ammonia. Acrylic acid plus 
water gives lactic acid, which on the removal of two hydrogens produces pyruvic acid 


ihe pyruvic acid then splits into formic and acetic acids for final metabolism. The 
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nitrogen. Here, as above, some difficulty, possibly due to aldehyde reactivity, was 
experienced with a compound, propionaldehyde, which cannot be excluded as an 
intermediate 


iniline. With the amino group attached to an aromatic compound instead of 
straight chain, different reactions might be expected. Therefore it was postulated 
that aniline might have the amino group hydrolysed off with water entering the 
reaction to yield phenol which would be further metabolized through the catechol 
system. To check this, a study was set up in which each compound was added at a 
concentration of 200 mg |. The results of this study are shown in Fig. 4. Catechol 
was metabolized at the same initial rate as aniline, but phenol was definitely retarded. 
It was felt that the charge difference between aniline and phenol, or some toxicity was 
the cause of this retarded metabolism at a concentration of 200 mg/l. To confirm 
this, a test was made in which aniline-grown sludge was fed 200, 150, 100, 75, and 
50 mg/l of phenol. Phenol was readily metabolized at 50 mg/l, thereby indicating 
its place in the scheme of metabolic breakdown. This illustrates another problem, 
electrical charge or compound toxicity, with STANIER’s Method of Simultaneous 
Adaptation 


Nitrogen Re lease Studies 
4lanine, Propyl Amine, Aniline, o-, m-, p-amino Na benzoate. The results of the 
nitrogen release studies for these six compounds are shown in Figs. 5-10. The 


soluble C.O.D. and the measured and corrected net (gross-control) oxygen uptake 
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re also plotted on the same figures to allow ready correlation with the nitrogen data 

ese results are all quite similar except for the m-amino Na benzoate which will be 
nentioned separately. The nitrogen release was complete just as the soluble C.O.D 
was removed. At the same time the oxygen uptake curves began to bend over in- 
dicating the removal of food in solution. The nitrogen was released as ammonia 
nitrogen; later in some cases this ammonia was oxidized to nitrite and then to nitrate 
nitrogen, with a corresponding increase in oxygen uptake. This oxygen uptake has 
been corrected for, and the net oxygen uptake for substrate oxidation only has also 


heen plotted to show the extent of oxygen uptake due to nitrification. It takes some 
| 


MLSS 1320 me/L 
SLUDGE 6 DAYS OLD 


velop in an activated sludge system; therefore if the nitrogen 
soon enough after acclimation takes place, nitrification will 
‘xtent. For example, in Figs. 8 and 10 the sludge was only 
iid, respectively; therefore nitrification was small. Fig. I! 
ease results for the o-amino Na benzoate sludge after 81 days 
arison of this “* old ” sludge with the “* young ” sludge shown 
how nitrification has become well established as the sludge 
ywwn on alanine, propyl amine, and aniline were old enough to 
| established 


Great difficulty was experienced in growing the sludge on m-amino Na benzoate 


I'wice during the study the sludge was discovered not to be removing 1000 mg of 


C.O.D. per day, and the aeration period had to be extended and then slowly shortened 
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back to one day. Therefore, when the nitrogen release study, Fig. 9, was made, 
the sludge was 206 days old. Prior to the run, the sludge had been operating well for 
30 days and the MLSS had slowly developed to 1580 mg/l. On the day of the test, 
however, so many solids were lost due to the triple wash of the sludge that the MLSS 
fell to 1080 mg/l. At this level the sludge was able only to metabolize 338 mg/l of 
the added C.0O.D. It would be expected that the nitrogen would be released into 
solution as ammonia nitrogen as occurred with the o- and p-amino Na benzoate. 
The nitrogen probably was released as ammonia nitrogen during the oxidation of 
the organic matter, but this oxidation was so slow and the number of nitrifiers so high 
due to the age of the sludge that the ammonia released was immediately converted to 
nitrates. It is hard to obtain the true mechanism of metabolism with difficult to 


degrade organic materials such as m-amino Na benzoate. 


Nitro Nitrogen. Simultaneous Adaptation Technique 
o-nitro Na Benzoate. Since the report of Ke, Gee, and DURHAM (1959) was not 
published at the time of these studies, it was thought that the breakdown pathway of 


o-nitro Na benzoate might be: o-nitrobenzoic acid to o-aminobenzoic acid to 
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to catechol to beta-keto adipic acid, and finally to succinic 
ocatechuic acid was also studied. Each compound was added 
to exert a C.O.D. of 125 mg/l. The sludge was removed for 
feeding in an attempt to preserve the adaptive enzymes. The 


shown in Fig. 12. Interpretation of these results Is some 
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he problem of nitrification which can cause oxygen uptake when 


uc degradation occurring. In an effort to avoid this problem, th« 


run was determined and the final values of 
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been cor ight lines have been used to represent 
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lecule like a true intermediate when fed externally 
1959) did 
n organisms, however. This pathway is still to be completely confirmed 
tion adds still further complications to the use of Stanier’s Method 


em ol nitrifica 


Simultaneous Adaptation 

Based on DuRHAM (1956, 1958) the probable metabolic 
pathway for the breakdown of p-nitro Na benzoate was 
p-aminobenzoic acid to p-hydroxybenzoic acid to protocatechuic acid to beta-keto 
adipic acid to succinic acid. The compounds were added, at a concentration of 


125 mg/l of C.O.D., to washed sludge which had been fed only 12 hours previously 
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rhe results of this study, corrected for nitrification (hence the straight lines) are shown 
in Fig. 14. These data show that the first two suggested intermediates are surely 


in the pathway, but the last three do not seem to fit into the scheme 


3,5-dinitro Na benzoate and 2,4,6-trinitro Na benzoate. Three attempts were made 
to adapt a sludge to the metabolism of 3,5-dinitro Na benzoate. The first, lasting 
49 days, consisted of adding 500 mg/! of C.O.D. to the unit, starting with a small 
sludge inoculum, and adding anout |25 mg of sludge each day from a unit which was 


actively metabolizing p-nitro Na benzoate. After seven weeks of continual operation, 
no C.O.D. reduction was noted. A second unit was started with about 1300 mg/! of 


MLSS * 366 mg/L 
+ 


SLUOGE 32 DAYS OLD 


COD. REMAININ 


Fr 
sludge. This unit was fed a combination of equal parts of o-, m-, p-, and 3,5-dinitro 
Na benzoate daily. The total C.O.D. was 500 mg/l. After 21 days of operation the 
C.O.D. of the effluent showed the 3,5-dinitro Na benzoate to be undegraded. A 
third study consisted in continually aerating a high quantity of sludge, 1200 mg)! 
with 500 mg/| of C.O.D. of 3,5-dinitro Na benzoate After 54 days of operation 
no C.QO.D. reduction was noted 

An attempt to adapt a sludge to the metabolism of 2,4,6-trinitro Na benzoate by 
continually aerating a unit containing 500 mg)! of C.O.D..and daily seeding with 
about 125 mg of active p-nitro Na benzoate sludge was abandoned after 60 days, as 
no C.O.D. reduction was noted. Since neither the 3,5-dinitro Na benzoate nor the 


2,4,6-trinitro Na benzoate was degradable, no simultaneous adaptation or nitrogen 
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release studies were made. The presence of more than one nitro group on the aro- 


natic molecule makes metabolism very difficult, if not impossible 


Nitrogen Release Studies 
m-, and p-nit Na henzoate The results of the nitrogen release studies for 


o-nitro Na benzoate are shown in Fig. 15. This sludge was 32 days old, during 


which time the nitrifier population had developed enough to be converting much of 
the ammonia nitrogen released to solution to nitrites and nitrates. The possibility 


f the nitrogen being released as nitrate and then reduced to ammonia is slight in an 


) 
ull 


The internal reduction of the nitro to the amino group, 
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followed by amino hydrolysis is a more reasonable reaction. This internal reduction 


supplies oxygen to the bacteria; therefore, in this case the corrected oxygen uptake Is 
higher than the measured, taking this chemically-supplied oxygen into account 

The natural progression of partial to complete nitrification is shown by comparing 
Fig. 15, a 32-day old sludge, with Fig. 16, a 123-day old sludge. In the latter 
case, the nitrification reaction was so strong that no ammonia nitrogen appeared in 
solution at all, although it is surely produced. Interpreting Fig. 16 alone might 
lead to the erroneous conclusion that the nitrogen is removed from nitro-containing 
organic compounds as nitrate instead of ammonia nitrogen 

The nitrogen release studies from the m-nitro Na benzoate-adapted sludge are 


shown in Fig. 17. Because of the difficulty in growing a sludge which could readily 
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metabolize 1000 mg of C.O.D. per day of this substrate, 62 days passed before the 
first 500 mg of C.O.D. was removed, the sludge was 126 days old when the nitrogen 
release studies were made. By this time nitrification was complete and the ammonia 
nitrogen which was probably released to solution during degradation was immediately 
oxidized to nitrates Attempts to study a “ young” sludge to demonstrate this 
ammonia release met with failure as a well-acclimated sludge could never be developed 
fast enough to prevent nitrification. Attempts to control nitrification with sludge 
wasting, a technique which was successful in the nutrient broth studies, Fig. 1, 
ynly impeded organic removal in this study 
Fig. 18 shows the nitrogen release results for the sludge grown on p-nitro Na 
benzoate. This sludge was started with seed sludge from a unit which was already 
metabolizing p-nitro Na benzoate; therefore, in only 10 days this sludge was ready 
for study. Since this sludge was so “ young ” nitrification was slight and the release 
nmonia nitrogen was clearly shown. The only odd feature of this study was the 
apparent release of all of the nitrogen before the complete removal of soluble C.O.D 
A later study after 133 days of operation showed that this was an unusual condition 
and that after the sludge was well established the complete release of nitrogen cor- 


responded to the complete removal of soluble C.O.D 


multaneous Adaptation Technique 

here were two possibilities for the mechanism of metabolism of 
the hydrolysis of the cyano group to form propionamide, the 
of the cyano group to form propyl amine. If the first case 


step would be propionic acid. If the second case were true, the 


next step would be propanol, then propionaldehyde, and then to propionic acid. A 


Warburg Respirometer run was made to test which pathway was the true one. The 
results of this test are shown in Fig. 19. The rapid uptake of propionamide and 
propionic acid and the retarded uptake of propylamine and propanol indicated that 

pathway of metabolism was the hydrolysis to the amide, followed by the hydrolysis 


+3 


the amin 
ine amino group 


with propionic acid resulting 

Benzonitrile. \f the same scheme held for benzonitrile as for propionitrile meta- 
bolism would proceed to benzalamide and hence to benzoic acid instead of to benzal- 
amine, then to benzyl alcohol, then to benzaldehyde, and finally to benzoic acid 
Neither benzalamide nor benzalamine was commercially available, but the other 
compounds were tested in the Warburg Respirometer. The results of this study are 
presented in Fig. 20. Benzoic acid was metabolized as rapidly as benzonitrile while 
benzyl alcohol showed a definite adaptive type of curve. This would confirm the 
first scheme of metabolism, hydrolysis to the amide and then hydrolysis of the amino 
group off, with the production of the acid. Benzaldehyde showed a very rapid rate 
of oxygen uptake, almost as fast as benzonitrile. This compound is closely related 


o the benzonitrile 


DISCUSSION 


Two factors hold true for all of the degradable nitrogen-containing organic com- 
pounds studied in this investigation. They are : (1) During degradation, the nitrogen 


contained in the molecule is released to solution and (2) the nitrogen is released as 
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ammonia nitrogen. This means that if an activated sludge unit is to be operated on a 
nitrogen-containing industrial waste, and the waste is biologically degradable, the 
nitrogen in the molecule can be utilized for bacterial nutrient supplementation. In 
fact, the nitrogen in most nitrogen-containing organics is so plentiful, see Table 3, 


TABLE 3 COD. 1 N RATIOS OF DEGRADABLE COMPOUNDS USED IN THIS STUDY 
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iow that the same over-all mechanism of biological nitrogen removal, conversion 


amino group and hydrolysis from the molecule, occurs regardless of the form 
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of the nitrogen group as it is attached to the organic molecule. This is not to say 
the metabolic intermediates are the same in all cases, just that the nitrogen group is 
removed as the amino group 

In order to determine the relative effect both of position and type of nitrogen group 
on activated sludge metabolism, the following test was made. Sludge was developed 
on sodium benzoate, passed through a Waring Blender and divided equally into six 
pilot plants. The MLSS in the six units ranged between 1324 mg/! and 1364 mg/! 
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To each of these units one of the following substrates was added, o-, m-, p-amino Na 
benzoate, o-, m-, p-nitro Na benzoate Ihe initial C.O.D. concentrations were 
between 630 and 690 mg/I at time zero. Each day for the next nine days the soluble 
C.O.D. was determined in each unit. At first no nitrogen was added to any of the 
units. This study would then show the relative rates of metabolism of these six com- 
pounds under nearly identical environmental conditions. Unfortunately, at the end 
of the fourth day the air compressor failed. The units were without any oxygen for 
24 hours: then, in an effort to remedy the problem, they had nitrate oxygen supplied 
and were stirred on a flocculator for another 48 hours until aeration was restored for 
the last two days of the test. The results of this test are shown in Fig. 21 and 22 

In Fig. 21 it is seen that in the case of the mono amino Na benzoates, the ortho 
position was metabolized first, then the para position and finally the meta position 


With the mono nitro Na benzoates, however, the ortho and para position compounds 
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were metabolized almost at the same rate, with the meta position compound again 
the slowest. This may be explained on the basis of the nature of the groups 
[he amino group is a small positively-charged group, while the nitro is 
harged group. The acid end of the molecule is, on ionization, 
In the compound o-amino Na benzoate the small amino group 
he carboxylate anion. This attraction would not be significant 
n the para position. This attraction may well be the reason 
und was metabolized in one day while the para compound took 
egraded 
up 1s attached to the molecule the situation is quite different 
nitrogen group to the carboxylate anion affects biological 
s to, based on the o-amino Na benzoate data, the repulsion 
) group and the carboxylate anion, when the nitro group is in 
well reduce the biological activity of the molecule due to 
This would explain why the o-nitro Na benzoate, which would 
readily being an ortho compound was reduced in its activity 
very hard to react, both chemically and biologically; 
that these compounds reacted slowly 
eta, and para positioned groups, 
no and nitro group. In the case of the ortho and meta 
ore readily attacked than the nitro group. This 
the para position also, except that the interruption of 
the rate of p-amino Na benzoate metabolism. The pro- 
show the p-amino Na benzoate unit reached 
ut 0-3 day before the p-nitro Na benzoate unit reached 
the difference in group had the least effect in the para 
was from the carboxylate anion as to 
spacial arrangement of the molecule, thereby exerting 
gical degradability of the compound. Spacial arrangement 
Based on the projected 


compound degradation 


CONCLUSIONS 


Based on the results of this investigation, the following conclusions may be drawn 


Nutrient Broth, alanine, propyl amine, aniline, o-, m-, and p-amino Na benzoate, 
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o-, m-, and p-nitro Na benzoate, propionitrile, and benzonitrile were all found to be 
biologically degradable by activated sludge 

2. 3,5-dinitro Na benzoate and 2,4,6-trinito Na benzoate were not biologically de- 
gradable by activated sludge 

3. The nitrogen-containing organic compounds which were biologically degradable 
released their nitrogen into solution during metabolism. Once in solution, this 
nitrogen could be used for synthesis 

4. The mechanism removal of nitrogen from the organic molecule was the same 
regardless of the original form of the nitrogen group. The nitrogen group was con- 
verted to an amino group, if necessary, and was then hydrolysed from the molecule 
as ammonia nitrogen 

5. Both the form, position, and number of nitrogen groups has an important in- 


fluence on the ease of biological degradability of an organic compound containing 


nitrogen 

6. Metabolism of alanine by activated sludge appears to be by hydrolysis to lactic 
acid which is oxidized through pyruvic acid to formic acid and acetic acid prior to 
complete oxidation 

Metabolism of propyl! amine by activated sludge appears to be by hydrolysis of 

the amino group followed by oxidation of the propanol which was formed 

8. Metabolism of aniline by activated sludge appears to be by hydrolysis to phenol 
and by oxidation through catechol 

9. Metabolism of p-nitro Na benzoate by activated sludge appears to be by reduc- 
tion of the nitro group to form p-aminobenzoic acid which is then converted to 
p-hydrobenzoic acid. Beyond this point the pathway was not defined 

10. Metabolism of propionitrile by activated sludge appears to be by hydrolysis to 
form the amide and then to propionic acid which is oxidized 

11. Metabolism of benzonitrile by activated sludge appears to be by hydrolysis to 
benzoic acid which is then oxidized 

12. Care must be taken in the interpretation of results from Stanier’s Method of 
Simultaneous Adaptation because of problems with nitrification, toxicity, and 
chemical reactivity of the suspected intermediate. Also compounds which are formed 
as intermediates intracellularly may have difficulty diffusing across the cell wall when 


fed externally due to differences in charge 


ick nowledements This researcn was supported if 


tutes of Health, United States Public Health Service 


REFERENCES 


Carn, R. B. (1957) The Microbial Metabolism of Nitro Aromatic Compound 
19, 1-14 

DuRHAM, N. N. (1956) Bacterial Oxidation of minobenzoic Acid 
J. Bacteriol. 72, 333-6 

DurRHAM, N. N. (1958) Bacterial Oxidation 
Canad. J. of Microbiol. 4, 141-8 

Hevmers, E. N., Frame, J. D., GREENBERG, A. E., and Sawyer, C. N. (1951) Nutritional Require- 
ments in the Biological Stabilization of Industrial Wastes, Il. Treatment with Domestic Sewage 
Sewage and Industrial Wastes 23, 884-99 

Ke. Y-H. Gee. L. L. and DurHam, N. N. (1959) Mechanism Involved in the Metabolism of Nitro- 

77 


pheny! carboxylic Acid ¢ ompounds by Microorganisn s, J. Bacterio I+ 


VOL. 
4 
1< 


M. Symons, R. E. McKonny, R. M. and E. J. DoNovAN, Jr 


x. F. J.. Scuarrer, R. B., and BLoomunurr, R. N. (1959) Experimental Treatment of Organic 
yanides by Conventional Sewage Disposal Processes. Proceedings of the Fourteenth Industrial 
rence j ie | niversity 
149) The Utilization of Pyridine by Microorganisms. J. Gen. Microbiol. 3, 143-7 
HI and Waoner, Jr., E. L. (1960) The Aerobic Metabolism of Potassiun 
Sanit. Eng Div. 86, 1-14 
nd WaRE ( (1955) Bacterial Utiliz: ym of ( vanide Nature, Lond 175, YOO 
HIDA, M., lcHTHARA, K. (1953) The Bacterial Decomposition of Indole, 1. Studies 
by Successive Adaptation Med. J. Osaka University 3, 477-86 


ii 


al Nutrition and Synthesis B O2ICa / Sewage and In- 
Reinhold Publishing Corp., New York 


(1943) Studies on the Kinetics of Cell Respiration, IX. Acceleration 


hy 


ia coli by Certain Amino Acids, Ammonia, and 4 Carbon 


138 
I ZA 
Moor! 
PAINTI 
SAKAM 
Chemical Abstra 47, aa 
Sawyer, C. N. (1956) Bacter 
P. S. and |. 
Dicarboxvlic Acids irch. Biochem. 2. 
VC 
1¢ 


Levels of radioactivity in the environment. A new monthly publication entitled “ Radiation Health 
Data” has been initiated by the United States Public Health Service, the first issue being dated 


April 1960. This tabulates measurements made in the United States of radiation levels in air, water 


and milk The latest and most detailed figures reported are those for November 1959 

Fission products in the atmosphere are monitored by the measurement of beta activity in samples 
collected at 44 stations widely spaced throughout the United States. A special survey is also made 
from a chain of Latin American and U.S. sites along the 80th Meridian. In addition to fission 
products, radon and thoron measurements are reported from Cincinnati 

It is intended that each third report of the series should contain interpretative statements as well as 
data. The price of the publication is 50 cents per single issue and $3.00 for a 6-month subscription 


from the Office of Technical Services, U.S. Department of Commerce, Washington 25, D.« 
G. B. ¢ 
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A STUDY OF POLYCYCLIC HYDROCARBONS 
AND TRACE ELEMENTS IN SMOKE IN MERSEYSIDE 
AND OTHER NORTHERN LOCALITIES* 


P. Stocxs,t B. T. Commins? and K. V. Ausrey § 
(Received 30 August 1960) 


Abstract—(1) Smoke samples collected continuously for one or more years by filters in Merseyside 
conurbation and elsewhere in northern England and Wales were analysed for 7 polycyclic hydrocar- 
bons and 13 trace elements. The locations included seaside and riverside, small and large towns, a 
smokeless zone, the Mersey Tunnel, bus and motor car garages, an office and a steelworks 

(2) The amount of coronene in smoke varied little in town or country but the higher levels in tunnel 


smoke and in the motor garage were such as to suggest its usefulness for measurement of air pollution 


by motor traffic 
(3) In country places amounts of smoke and of the hydrocarbons were 24 times as great in the 
autumn—winter half of the year as in the spring-summer half, but in Merseyside, whilst the seasonal 


ratio for total smoke was similar, for the hydrocarbons it was about 5 to 1. Indoor office air was less 


polluted than that outside in winter, the hydrocarbons showing a seasonal ratio about 4 to | 

(4) Trace element concentrations in air were all higher in urban than in country places, but only 
for antimony, vanadium and molybdenum was the excess relatively greater than for total ash 
Mersey tunnel air contained very much greater amounts of lead than did the entering air, and in a 
motor garage the air contained more lead and vanadium than the air outside. In the smokeless zone 
trace elements were present in smaller amount than at the town centre. In the rolling-mill shed 
and melting-shop of the steelworks, concentrations of all the elements, particularly of copper, were 


largely increased 


INTRODUCTION 


Some detailed studies of air pollution in English cities have been made in Leicester 
(D.S.1.R. 1945), London (Gore and SHADDICK, 1958) and Sheffield (PEMBERTON ef ai., 
1959). The data in this paper do not constitute a systematic study of spatial distribu- 
tion, but were obtained in the course of an investigation during 1954-58 of the 
relations between air pollution and mortality in districts located in an area extending 
from Anglesey to Tyneside, and preliminary reports on parts of this work have been 
made (Stocks, 1955, 1958a, 1958b, 1959; Srocks and CAMPBELL, 1955). Instruments 
for collecting smoke samples continuously, the filter papers being changed at suitable 
intervals, were installed by the Fuel Research Station of the D.S.I.R. for periods of 
one to three years at 41 locations in all, of which 26 were chosen with a view to getting 


representative samples of the atmosphere in districts where mortality rates from cancer 
The remaining 15 were in abnormal 


and respiratory diseases could be calculated 
situations of special interest such as seaside and riverside sites, the Mersey Tunnel, 


bus and motor garages, an office interior, a smokeless zone and a steelworks, or at 
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ANNUAL SMOKE AND HYDROCARBON VALUES 


ounts of smoke and seven hydrocarbons in the 


aiam 
The hydrocarbon figures in »g per 1000 m* were obtained by dividing 
n aggregated filter deposits by the known 


each substance | 


ch had passed through. The smoke figures in mg/!000 m° were 
netric measure of the blackness of those portions of the filter 
air had passed, the readings being converted to mg of smoke 
The calibration applies to the mixture of domestic smoke 
hic smoke ind in the air of British towns, but 
special here traffic or industrial smoke 
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predominate. For this reason the smoke figures for the Mersey Tunnel are shown 
in parentheses, but the hydrocarbon values are not affected by this source of 
error. 

In Merseyside the St. George's Dock instrument was placed near the riverside at the 
main air inlet for ventilating the tunnel. Roe Street was near the city centre, } mile 
east of the river. Edge Lane was 2} miles further east but still in a densely popu- 
lated area and here another filter was placed inside a large bus depot and a third inside 


a motor car garage a short distance away. In the tunnel one filter was placed at the 


middle point and another at the junction between two outlets to Liverpool controlled 


by traffic lights, where high pollution is caused by vehicles accelerating after stopping. 

In West Yorkshire conurbation Elland and Keighley are towns with 20 and 57 
thousand people respectively near the western limits, the city of Leeds being near the 
eastern limits. In Tyneside conurbation Gateshead and Wharncliffe Street locations 
were chosen as representative and Shields Road as exemplifying the eastern part of 
Newcastle. In Salford a filter was placed in a smokeless zone near the western edge for 
comparison with the town centre. Wetherby is a small township in a rural district 
to the north-east of Leeds, and Ripon is a country town further north, The five larger 
towns are arranged in ascending order of their population (shown in Table 2) 

When the garage and tunnel locations are excluded the smoke density ranges from 
98 to 622 mg/1000 m*, and the hydrocarbon figures follow in similar proportions. The 
Tyneside locations show no important differences in hydrocarbon levels. In Salford 
the concentrations were all somewhat lower in the smokeless zone. The small country 
towns had lower figures, and amongst the larger towns York showed low levels con- 
sidering its size. 

Air in the motor car garage had rather more smoke with corresponding increases 
for most of the hydrocarbons. Comparing the air in the tunnel with that entering at 
St. George’s Dock, the ratios were as follows at the mid-point and junction: 3: 4 
benzpyrene 1-19, 1-71; 1: 12 benzperylene 3-12, 5-27; pyrene 3-14, 6-29; fluor- 
anthene 0-83, 1-61; 1 : 2 benzpyrene 1-00, 1-64; coronene 8-33, 12-50; anthanthrene 
1-50, 2-67. At the mid-point there was a moderate increase in anthanthrene, whilst 
| : 12 benzperylene and pyrene were greatly, and coronene very greatly, increased. 
Since, in comparison with most of the other hydrocarbons, coronene is a stable 
substance, occurring in domestic smoke in almost constant low proportion, as shown 
below, it may prove useful as an index of air pollution caused by motor traffic. At the 
point of highest pollution the amounts of all the hydrocarbons were increased further, 
coronene being 12 times and | : 12 benzperylene and pyrene 5 or 6 times as plentiful 
as in the entering air. Smoke figures quoted for the tunnel, which depend on photo- 
metric measurement, are over-estimations of true values since vehicular smoke tends 


to be much blacker than ordinary smoke 


Proportions of hydrocarbons in smoke 

Table 2 shows the average amounts of the 7 hydrocarbons per million parts of smoke 
at the same places, obtained by dividing the measured concentrations in air by the 
corresponding photometric estimates of the total smoke. When the four “ inside” 
locations are excluded coronene values show no more variability (18-24) than might 
be explained by experimental error, and anthanthrene content is fairly constant, but 


the other hydrocarbon figures are very variable. In Liverpool the proportion of most 
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of the hydrocarbons in the smoke is lowest near the river; and in Newcastle-on-Tyne 
the smoke on the seaward side contained smaller amounts of all the hydrocarbons than 
at the centre he smokeless zone of Salford 3 : 4 benzpyrene alone shows any pro- 
nounced difference 

hydrocarbons per unit of smoke; Wetherby figures were surprisingly high, as were 
those of York in comparison with Liverpool. The Mersey Tunnel figures are all too 


low for the reason stated, but they cannot be accurately corrected since experiments in 
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the tunnel have shown that the ratio of the weight of smoke assessed by blackness to 
> true weight was not constant. Actual figures from six weekly samples at the tunnel 


unction showed a variation between 1-2 and 2-8, with a mean 1-8. in the ratio 
J 
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SEASONAL CHANGES IN AMOUNTS OF 
SMOKE AND HYDROCARBONS 

Table 3 compares the mean concentrations in air in half-year autumn—winter (W) 
and spring-summer (S) periods, starting from mid-October 1954, at 10 places in 
respect of smoke and 4 polycyclic hydrocarbons. The smoke densities changed little 
from year to year in either of the periods. In contrast with the other hydrocarbons 
3 : 4 benzpyrene figures showed a downward trend during 1955-538 in all the localities, 
but since the significance of this is doubtful only the averages of the W and S periods 
are given in the table. The average W/S ratios in the country townships, larger towns 
and Merseyside excluding Hoylake were as follows: Total smoke 2:4, 2-8, 2-6; 3:4 


benzpyrene 2-9, 6-0, 4-8; 1: 12 benzperylene 2-7, 5-3, 5-3; pyrene 2-6, 5-0, 5 


fluoranthene 2-5, 4-6, 6:2. This shows that although the relative seasonal effec 


TABLE 3 AVERAGE AMOUNTS OF SMOKE AND HYDROCARBONS PER 1000 ¢ 
10 PLACES IN NorTH WALES, CHESHIRE AND LANCASHIRI 
A UTUMN—WINTER (W) AND SPRING-SUMMER (S) PERIODS 


was only slightly greater in town th 


hydrocarbons was twice as great in th 
country townships. In the latter places with little i 
are due to more domestic smoke and relatively they are about the same for the hydro- 
carbons as for total smoke. In larger towns the summer s 
urces and this part changes little with season, | 
smoke is mixed with it with a resulting increase in the 
Table 4 compares the W and S concentrations in 1956-57 in 
Merseyside, ranked according to their populations, and at 7 outdoor locations and 5 


special sites within the conurbation. The outdoor locations in Merseyside are arranged 


on 
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according to proximity to the sea and estuary, and the W figures increase up to | mile 
east and then decline at 3 miles east of the river, as also do the S values if Birkenhead 
is ignored. The W/S ratios for smoke were 3-6 at the seaside, 2-1 at Birkenhead and 
around 3 elsewhere. At the seaside hydrocarbons almost disappeared in summer, 
giving very high W/S ratios. On the Birkenhead side of the river the hydrocarbon 
ratios were 5 to 6, and on the east bank the W/S ratios for 3 : 4 benzpyrene, pyrene, 
1 : 12 benzperylene and fluoranthene were 11, 7, 9 and 10 respectively, at }—1 mile east 
of the river they were 14, 14, 7, 7 and at 7 miles to the east they were 12, 16, 3 and 12. 
The autumn—winter increase was much more pronounced, therefore, in respect of the 
hydrocarbons than for total smoke, implying that smoke in Merseyside contains more 
of these substances in winter than in summer. 

At Princes Road, Liverpool, instruments were placed outside and inside a large office 
to ascertain the amount of air-pollution to which open-air workers are exposed 


TABLE 4 AVERAGE AMOUNTS OF SMOKE AND 4 POLYCYCLIC HYDROCARBONS PER 1000 c1 
METRES OF AIR AT 19 LOCATIONS IN MERSEYSIDE AND NEIGHBOURING TOWNS DURING 
A UTUMN—WINTER (W) AND SPRING-SUMMER (S) PERIODS oF 1956—57.7 


3:4 1:12 
Relation to Total Benz- Benz- Fluor- 
Location of filter (a) Liverpool smoke pyrene perylene Pyrene anthene 
or (4) River (mgm) (ugm) (ugm) (ugm) (ugm) 
Mersey S Ww s Ww s ws ws 


Outside Mersevside 
Ruthin (pop. 3-6) * 
Flint (14-3) 
Ormskirk 
Wrexham 
Chester 
Ww arrington (80-7 


St. Helens (110-3) 


1 the Conurbation 
West Kirby (seaside 
St. George's Dock 
Birkenhead 
Roe Street (Dale St 
Bootle 
Princes Road 

Inside Office 
Edge Lane 

In Bus Depot 

In Motor Gar 
Merse 


* 1951 Census populations ir isands 

' Note. The rates for hydrocarbons ha n adjusted for changes in analytical technique intro 
duced for 1958. and some n ly < ‘+r in consequence trom rates p iblished previously, but seasonal 
and geographical comparisons for any one hydrocarbon are unaffected by this. All rates in tables of 


this paper are comparable with one another 


1° 
25 m. to S.W 130 68 13 2 iS 2 5 § 8 2 
12 m. to S.S.W 234 77 99 33 4:20 4 
12 m. to N.N.E 310 125 43 6 4211/19 1} 
25m.toS 343 144 41 4 36 6/118 3|23 4 
iSm.toSSI 278 104 4 2 4 
18 m. to I $73 200 92 10 60 9 34462 55S 6 
ll m. to E.N.I 513 183 100 2] 77:17 | 47 3 
Ir (0) 
7m. to W 169 47 6 1 19 | 0 O 18 | 
E. riverside 410 157 45 4 38 4 14 2 20 ? 
im. to W 428 200 69 9 68 11 32 4 =«4i1C«C# 
im. to I 500 179 62 2 68 8&8 #7 
im. tol SO8 l¢ 79 11 79 13 9 3° 49 8 
Im. tof 624 215 142 27 117 22 49 4 8011 
d 507 6. 423 6412 2 25 ¢ 
im.tol 604 207 95 8 82 25 48 3 61 § 
do 6 23 30 2 62 24 | 4 4 
do 2 4 YA 2 
Mid-point Under river (J044) (749 97 2 72 64 ws Ss 41 29 
Road junctior do (2027) (18 SS 65 146 92 63 18 68 19 


A Study of Polycyclic Hydrocarbons and Trace Elements in Smoke 149 


compared with indoor workers in a centrally heated building. The absolute outdoor 
excess of 3 : 4 benzpyrene was 38 in autumn—winter and only 4 in spring-summer; 
for 1 : 12 benzperylene the differences were 53 and 12, for pyrene 29 and nil, and for 
fluoranthene 65 and 5. In the W period, inside air was considerably less polluted 
than that outside, but nevertheless the amounts of hydrocarbons were about 4 times 
as great as in the S period inside the office. 

The concentrations of hydrocarbons inside the motor garage and the bus depot were 


not significantly different from concentrations outside during the winter period. Dur- 


ing the summer the results showed an excess of 3 : 4 benzpyrene inside the garage 


and the depot, indicating that the vehicles were producing a small amount of benz- 
pyrene. The inside concentrations were not large, however, and were similar to those 
of 3 : 4 benzpyrene found inside diesel bus garages in London (COMMINS ef al., 1957). 
Concentrations in those garages during the summer varied between 3 and 29 
pg/1000 m* compared with values from 3 to 27 «g/1000 m* in the outside air. 

In the Mersey Tunnel the autumn—winter (W) and spring—-summer (S) concentra- 
tions were increased as shown by Table 5. The total of the 4 hydrocarbons was 
enhanced at each measuring point by rather more in the W than in the S period. The 
right-hand part of the table shows how the total was made up in the air entering the 


TABLE § NCREASES IN HYDROCARBONS IN MERSEY TUNNEL AIR 


IN TWO HALVES OF THE YEAR 


nitial Increase (xg 1000m*) Expressed as percent 


nounts Mid- Inlet 
at inlets tunnel Junction alr Midpoint | Junction 


W S W S W W S 


3 : 4 benzpyrene 
1 : 12 benzperylene 
Pyrene 


Fluoranthene 


Total of . . 7 2 } 2 2 100 100 


tunnel and at the two points. In the W period the added hydrocarbons at the mid- 
point contained relatively more pyrene and less | 

ing air, but at the junction it contained relatively more of each of these < 

benzpyrene. In the S period the added hydrocarbons at the mid-point contained 
relatively more | : 12 benzperylene and fluoranthene and less of the other two than 
in the inlet air, and at the junction they contained relatively more | : 12 benzperylene, 
and less pyrene and fluoranthene. Although the absolute concentration of each of the 
four hydrocarbons was greatly increased in the tunnel, as shown by the left hand part 


of the table, it appears that | : 12 benzperylene was increased by the motor traffic in 


relatively greater degree than the others 


AMOUNTS OF TRACE ELEMENTS IN AIR 


Tables 6 and 7 give the amounts of various trace elements per 1000 m® of air at 


16 representative and 9 special locations, the copper and chromium measurements not 
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At a large steelworks by the river Dee instruments 


ol these 
iations to ascertain the effects of the various processes on the 


{ trace element concentrations, the research laboratory site 


trative building at some distance from the workshops and 
[he control for Mersey 


neasure of the normal air in the district 
ig the ventilation shaft at St George's Dock 


r enteril 


1S 
heing availal ior a 
nia ‘ 
Sit 
| rye lod } 
‘ MOU'N AL ASH, LE ZIN /PPER, TITANIUM ARSEN 
“x METRE AIR 2s XALITIES IN LANCASHIRE 
W i YORKSHIE AND NORTH WALES IN 1956-58 
me ue 
Tita Man 
Arsenic 
Le Zinc Copper ganes 
< ‘ 4 280 4 40 28 
Roe 60 4¢ $4 45 18 
Edee | 0-60 325 50 44 7 17 
Bus D 4 68 4 
as ‘ 
| 
\ | 
0-64 4 20 6% 
1° 
R 60 9S 34 
| 0-4 . 
4 44 4 4 4 
; 4 
) 
{ \ is 
; 
44 4 


A Study of Polycyclic Hydrocarbons and Trace Elements in Smoke 


TABLE 7. AVERAGE ANNUAL AMOUNTS OF NICKEL, ANTIMONY, VANADIUM, CHROMIUM, 
MOLYBDENUM, COBALT AND BERYLIUM PER 1000 CUBIC METRES OF AIR AT 25 LOCALITIES IN 
LANCASHIRE, West RIDING OF YORKSHIRE AND NORTH WALES IN 1956-58 


pg/ 1000m 


Location of filter Anti- | Vana- | Chro- |Molyb- Cobalt aye 


Nickel mony dium §mium | denun lium 


Merseyside Conurbation * 
St. George’s Dock 1957 15-5 
Roe Street 1957 20-0 
Edge Lane 1957 11-0 
In Bus Depot 1957 10-0 
In Motor Garage 1957 10-1 
Mersey Tunnel 
Mid-point 1957 15-5 14-5 
Road junction 1957 30-5 
Birkenhead 1956 | 100 120 
Bootle 1956 | 23-0 20-0 
Princes Road 1956 11-0 16-0 
Hoylake (seaside) 1956 2-0 3-6 


In Other Conurbations 
Elland 1958 | 205-0 
Keighley 1958 32:5 
Leeds 1958 23-0 
Salford (Regent Road) 1958 32-0 
(Smokeless zone) 1958 16°5 


NWN & 


Steelworks 
Research laboratory 1958 5-9 
Near Blast furnace 1958 15-5 
In Rolling mill shed 1958 67-0 
In Melting shop 1958 130-0 
Rural Situations 
Conway Valley 1957 ] 09 
Ruthin 1957 33 
Wetherby 1958 53 
Industrial Towns 
St. Helens (glass) 1956 250-0 
Warrington (chemical) 1957 21-5 


* See Table 2 for details 
t See note under Table 6 


Abnormally high concentrations in outdoor locations occurred for copper in the 
winter period at Salford, for arsenic in the summer period at St. Helens, for nickel 
at Elland, for antimony at St. Helens and for chromium at Leeds. At the steel 
works the amount of total ash was enhanced 4-fold near the blast furnace, |5-fold in 
the rolling mill shed and 29-fold in the melting shop, and compared with this 4-15-29 


sequence individual elements showed the following: lead 2—2-42, zinc 5—-5—54, copper 
14-40-124, titanium 2-3-7, arsenic 3-24-47, manganese 5-15-89, nickel 4-10-15, 
antimony 3-11-22, vanadium 2-20-17, chromium 3—9-119, cobalt 1-8-10. Both near 


15! 
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71-5 
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18-0 3:20 1-60 0-90 

120 4:4 5-00 2:90 0-81 
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the blast-furnace and in the rolling-mill shed the proportional increase in copper 
concentration was notably greater than that of total ash; and in the melting-shop 
lead, zinc, copper, arsenic, manganese and chromium were all more than 40 times as 
plentiful as in the normal air whereas the concentration of total ash was enhanced by 
29 

Table 8 summarizes two aspects of the data, comparing the average levels in 4 non 
urban situations (Conway Valley, Ruthin, Wetherby, Hoylake), in 4 large industrial 
towns (Salford, Leeds, St. Helens, Warrington) and 4 locations in Merseyside (Roe 


Street, Edge Lane, Bootle, Princes Road), and expressing the values at five sites of a 


special char: rin terms of their respective controls. Comparison between the urban 
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rage amounts in alr 


(ag 1000m") 
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Element 
Industrial Conurba Bus Motor Mersey tunnel Smoke- 


towns tion depot garage Mid Junction less zone 


Lead 

Zinc 
Copper* 
Titanium 

Arsenic 
Manganese 
Nickel 
Antimony 
Vanadium 
Chromium* 
Molybdenum 
Cobalt 


Beryllium 


1000n 


three ire Das 13 ar d alions ony 


Averages in 
Hoylake, St. Helens, Bo 


and rural values shows that in general the element concentrations in the tow: 
raised in about the same proportion as the total ash, except antimony, vanadium 
molybdenum which showed larger urban excess 

Comparing the indoor locations with their controls, the bus depot air had increases 
in titanium and vanadium of 1-5:1 or more and in the motor garage lead and 
vanadium were in excess, but many of the elements were present in lower concentration 
inside than out. Mersey tunnel air contained very much greater amounts of lead than 
did the air entering the tunnel; next in order of enhancement came titanium, 
manganese, copper, beryllium, chromium and zinc, but the increases were not as great 
as those for total ash. Vanadium and molybdenum showed no increase in concentra- 


tion in the tunnel sites. In the smokeless zone of Salford the concentrations of most 
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elements were lower than those measured at the town centre, the decrease being most 
appreciable (5 : 1) for copper. 
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INTRODUCTION 


[HE reasons for the acute, deleterious effects of smog are extremely complicated, since 
smog contains a large number of different substances and both chemical and physical 
processes occu! t has been discussed whether one of the contributory causes might 
‘f gaseous pollutions by the particulate elements. Depending 

ticles, these penetrate down and are retained to a greater or a 
‘rent depths in the respiratory tracts, whereupon the toxic influence 
‘It. The physical qualities of the gases, and perhaps above 

are clearly also of essential importance for their toxicity 

This argument has been put forward regarding, inter alia, 

ht be adsorbed on carbon particles, whereupon these latter, 

off the adsorbed sulphur dioxide (Committee on 

MeerHamM, 1954). and BurGess (1957) consider 


onal effect, but it has long been known from industry 


f a constant concentration of sulphur dioxide varies tremen- 
ticulate elements Similarly, the 

oisture (HARRISON, 1957) 
ol sulphur dioxide have been 
a work in which they 
dioxide during a period of 10 
nan. Individuals who 
ur dioxide or more showed, 
Ihe results of these 
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of Sulphur Dioxide on Rabbit Cilia 


A factor of essential importance for the discussion and understanding « 
of different gases and particulate elements is their absorption in the respir: 
One of the physiological effects of the nasal cavity is, as is well kn 
and moistening of the inhaled air. In the inhalation of polluted air tl 
certain filtration and an absorption of pollutants. There is ; 
describing the capacity of particles of different sizes to 
tract, but the literature on the gas absorption capacity of 
hand, seems to be very sparse 

This absorptional capacity is dependent on a great many chen 
qualities on the part of the gases in question, but the most important, per 
degree of solubility in water. The secretion in the nose and bronchi consists, in 
of roughly 2°5—3 per cent mucin, 1-2 per cent salts, and 95-97 per cent water (PRo! 
1953). LEHMANN (1908) carried out a number of experiments on the a 
different gases in the respiratory tract. In this connection he used four 
methods, and his subjects have been both human beings and animals. The c 
tions of sulphur dioxide used by LEHMANN in certain experiments on hums 
were, (a) around 130 p.p.m. and (5) around 240 p.p.m., during a period of 30 minutes. 
The air analyses were carried out on a mixture of inspired and expired air, and an 
absorption of 70 per cent and 65 per cent respectively was determined for the concen- 
trations of sulphur dioxide employed. It was noted particularly that strong reaction 
symptoms in the nasal mucosa, in the form of powerful secretion and a feeling of 
irritation, lasted a remarkably long time after exposure had ceased 

In the experiments on animals, rabbits were used, and the concentrations were con- 
siderably higher, namely around 400 p.p.m. to around 6000 p.p.m. The animals 
inhaled the gas either through a tracheal cannula or through a tube set in the nose. 
The gas absorption in both cases was 46 per cent 

GADASKINA (1947) investigated the absorption capacity for sulphur dioxide in 
the upper respiratory tract of rabbits, and she found that with concentrations varying 
between about 200 p.p.m. and 6000 p.p.m. the mean figure for the total absorption 
was 63 per cent (range 46-81 per cent), while the absorption in the case of tracheoto- 
mized animals sank to 42 per cent (range 21-55 per cent). 

Among other investigations on the effect of sulphur dioxide on the respiratory tracts 
can be mentioned CRALLEY’s (1942) and DALHAMN’s (1956). CRALLEY investigated 
the effect of, inter alia, sulphur dioxide on the ciliary activity in the trachea of rabbits 
in vitro. He found that 50 p.p.m. sulphur dioxide stopped the ciliary activity in 60 
seconds. Corresponding investigations on live material have been performed by 
DALHAMN, using his own method. By blowing moistened and heated gas over the 
trachea, which was laid open with a longitudinal slit, it was shown that the ciliary 
activity of rats stopped about 5 minutes after exposure to 12 p.p.m. sulphur dioxide, 
and after about 60 seconds in the case of exposure to 50 p.p.m 

Investigations have also been carried out with a view to tl 
of long-term inhalation of sulphur dioxide, 


demonstrated that serious epithelial damage can occur in the 


after exposure even to low concentrations (DALHAMN and RHODIN 
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of sulphur dioxide. Low concentrations of other gases which react with water and form ions could 
give rise to errors. Of particular interest in this connection is carbon dioxide. The size of the carbon 


dioxide error in these experiments was determined by the measurement of the absorption liquid both 


lor a few minutes 


Adjusted to p.p.m. sulphur dioxide, the carbon dioxide error was 1-1-5 p.p.m. As regards the other 


before and after the elimination of the carbon dioxide by heating the liquid to 100 


sources of error, it can be mentioned that a temperature variation of 1° at the determination of the 
conductive ability gives an error in the region of 2 per cent. In the present case the measurements 
were always made at a constant, controlled temperature, 25° C, the absorption solutions were subjected 
to a routine purity check before each experiment and used glass chambers were inspected and carefully 
washed out in glass-distilled water, etc. The cell constant for the measuring cell was determined at 
regular intervals against standardized potassium chloride solution. In addition to this, two measure- 
ment cells were used simultaneously in a large number of cases, in order to avoid occasional errors in 
the measurement cell. A check that conductivity was determined within a suitable area of concen- 
tration was made by taking measurements on a dilution series 1-1, 1-10, 1-100, and, in certain cases, 
1—1000, on the solutions obtained from the absorption chamber. The sulphur dioxide content of air 
mixtures of known concentration down to 5 p.p.m. were also determined. With these low concentra- 
tions variations from the expected concentration lay around |-2 p.p.m. The errors predominating at 
these low concentrations stem more from the difficulty of determining conductivity with sufficient 
precision, and preventing pollution from influencing the determination in different ways, than from 
any difficulty in obtaining an exact gas dosage. With greater concentrations of sulphur dioxide, on 
the other hand, the error of measurement consists for the greater part of a gas dosage error and the 
error that can arise as a result of changes in the ion activity in higher concentrations. This latter type 
of error can be controlled to a certain degree by making a dilution series of the solution from the 
absorption chamber 


METHODS OF EXPOSURE 


In order to record the ciliary activity in vivo the method described by DALHAMN 
(1960) was used. Briefly this involves, after the tracheotomization of the animal, the 
fastening of a rubber bellows round the trachea, and the airtight connection of the 
bellows to a microscope with vertical light. In this way the ciliary activity in the trachea 
can be observed and recorded with the use of a moving picture camera. With this 
method, the animals breathe through their normal channels of respiration. After the 
animals had been prepared in this way they were exposed to the required concentration 
of sulphur dioxide: recordings of the ciliary activity were then made 

A special exposure chamber was constructed, the appearance of which can be seen 
in Figs. 1 and 2. In a spherical plastic container, with a capacity of about 100 litres, 
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Fic. 2. A. Cylinder with about 12° SO,. B. Capillary manometer. D. Drying tower. 
E. Rotameter. F. Mixing vessel. G. Fan. H. Sedimentation chamber. I. Microscope. 


J. High-speed camera. K. Manometer. L. Thermo-electric temperature indicator 
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dioxide that was later applied (Figs. 3 and 4). The temperature and mixture of the air 
in the exposure chamber were continually recorded in every experiment, and it was 
found that these did not undergo any essential changes during the actual exposure. 
The tubes from the ear vein and the tracheal cannula were conducted airtight from the 
exposure chamber, which made it possible to control the anaesthetic and take samples 
from the trachea without opening the exposure chamber while the experiment was 
going on. The chamber was continually supplied with air with a sulphur dioxide 
content of known concentration. As soon as the required concentration in the cham- 
ber had been reached, air with sulphur dioxide of the concentration being studied was 
supplied in a maintenance dose of 10 litres per minute. Only when the maintenance 
dose had been provided for some minutes was the taking of samples from the trachea 


FiG 


The time between the starting of the sulphur 


and the exposure chamber started 
[he con- 


dioxide supply and the start of sample-taking was as a rule 15-20 minutes 
centration of sulphur dioxide in the exposure chamber was determined both iodo- 


metrically and conductimetrically, while the concentration in the tracheal air was 


determined only conductimetrically 


RESULTS 


To begin with, using the in vivo method described above, a preliminary investiga- 


tion was made into how the ciliary beat mechanism in the trachea reacted to different 


concentrations of sulphur dioxide. The results seem to suggest that no effect is to be 


expected under 100 p.p.m., whereas around 300 p.p.m. and over, always leads to the 
cessation of ciliary activity during exposure. The region between 100-300 p.p.m 
would seem to be critical. 

With a view to studying more closely the affect of different concentrations, three 
concentrations were chosen cn the basis of the test series, namely around 100 p.p.m., 
around 200 p.p.m. and, finally, around 300 p.p.m. Each series comprised 10 animals, 
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which were exposed for 45 minutes, with the recording of the ciliary activity every 15 
minut in those cases where it had not ceased 

[he results of these experiments are seen in Tables 1, 2, and 3. After 15 minutes of 
exposure the ciliary activity had stopped in 5 cases when the concentration of sulphur 
dioxide was 200 p.p.m. and in 8 cases when it was 300 p.p.m. On the other hand, with 


p.p.m. no visible effect could be observed. After 30 minutes exposure no further 


TABLE | THE EFFECT OF ca. 100 p.p.m. SO, ON THE CILIARY ACTIVITY 


Rate of ciliary Rate of ciliary 
activity mn beats activity in beats 
per minute per minute 


After Mean After Mea 
30 min value 45 mir value 


but after 45 minutes the ciliary activity stopped in a further 


and at 300 p.p.m. Thus in the group exposed to 200 p.p.m 


minutes exposure, four animals with registrable ciliary 
.m. group, only one animal 

m. group, the mean figure for the initial value was 1265 beats 

nutes exposure was 1175 beats per minute, after 30 minutes 

ly, after 45 minutes, 1091 beats per minute. If a 

$ material it 1s seen that the variation between the 


and the error of 1 tne 1.€ e ¢ or in the calcula- 
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was also found that the effect of exposure to sulphur dioxide may be a moderate 
decrease of the rate of beat. This can be fixed at a low level of significance, namely 
0-05* >P>0-01. 

The temperature of the tissues has an important effect on the rate of ciliary beat, 
as has been pointed out in several publications. The rectal temperature in the group 
exposed to 100 p.p.m. varied very little; the mean figures for the quarter hour intervals 


TABLE 2. THE EFFECT OF ca. 200 p.pm. SO, ON THE CILIARY ACTIVITY 


Rate of ciliary Rate of ciliar Rate of ciliary 
activity in beats activity in beats activity in beats 
per minute , per minute per minute 
Stopped after Recta bcta Recta 
minutes Initial Mean ‘emp After Mean ‘en After Mean ‘emf 


value value 15 min value 
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filmed 


1059 

1088 

1126 

1375 

14 1437 

1437 

Inconsiderable 1150 
after 45 min 1140 


Could not be 1200 
filmed 


1089 


were 37-6, 37-5, 37-5, 37-4. A drop in the rectal temperature cannot thus be respon- 
sible for the observed drop in rate of beat 

If, however, one inspects the individual values in the table, it is seen that the initial 
value for animal No. 8 is very high, 1727 beats per minute, and no similar rate was 
obtained on any other occasion. If this animal is disregarded, and the significance 


calculated on the remaining animals, no significant effect of the sulphur dioxide 


exposure is obtained (P>0-2). We have, however, considered it proper to give an 


account of the material in its entirety. 
The initial value for the 10 animals in the 200 p.p.m. group was 1200 beats per 
minute. The variation between the animals was 98 beats per minute, and the error of 
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TABLE 4. THE EFFECT OF VARYING SULPHUR DIOXIDE CONCENTRATIONS ON THE 


CILIARY MOVEMENT OF THE TRACHEA, i” vilro 


Effect on ciliary movement so, 


Effect on ciliary 
(p.p.m.) movement 


A small part stopped 


Stopped after 28 min 
The greater part did not stop y 
Did not stop 10 


Stopped after 25 min 


13 


TABLE 5 ABSORPTION OF SULPHUR DIOXIDE IN THE 
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No dioxide from tracheal air 
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the ciliary movements ceased after ca. 2 minutes exposure to about 
explanation for this discrepancy could be sought either in rabbit tr: 


considerably smaller sensitivity to sulphur dioxide than that of rats, o1 
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By carrying out direct exposure experiments on rabbit trachea in vitro it has been 
lemonstrate that there is no important difference in sensitivity in this 


trachea of rabbits and rats. With concentrations as low as 


nd 10 p.p.m. sulphur dioxide the ciliary movements ceased in the trachea of both 


anima 
e other poss ty of explaining the discrepancy between, on the one hand, the 
nee of cilis eaction at the inhalation of 100 p.p.m., and on the other, the high 


ee of sensitivity to sulphur dioxide demonstrated in the mucosa, is that the greater 


yf the sulphur dioxide was absorbed before it reached the trachea An investiga- 


absorpt was therefore made, two different methods of exposure being 


the 


‘ 


It was found that the absorption of sulphur dioxide in the upper respiratory 
ts of rabbits was very great in the case of the concentrations studied. With the in 
experiments in which an effect on the ciliary activity was recorded, i.e. with the 
ation of about 300 p.p.m. sulphur dioxide, it was determined that the concentra- 

ilphur dioxide in the trachea was of about the same extent as that which gave 
ffects in the in vitro experiments 

at only a small part of the gas manages to penetrate down 

rption mechanism in the rabbit's nasal cavity, which is 
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aled air many times greater than the contents 

nan, as is probable, from that in 

t support the idea that the effects 


liary movements Owing to a pure 


ponents of smog has been put 


ponents, it 1s suggested, are 


are then variously retained on 
tracts of different animals. In 
exposure to sulphur dioxide in 

to the mucos: 
OCLU ‘ a tt iit 
contributory tactors 
I the 


basis 


MMARY 


the 

ited trache: used 
hilmin 


experiment n which the animals 


ertain eflect on the ciliary movement could be recorded 


1 6€ 
respect, as between the Te 
types 
Part 
u 
a 
ext 
VC 
are 
dea of a synerg between the diflerent com (is 
ird tro i nu | jJuart | ‘ 
iD Ded DY partic different kind and 
pi iS experiments, it has Deen shown that long-tet 
entratior it 10 p.p.m.) gives rise to loca 
tract il lo what extent this damag¢ 
Dil appea iter. or whether there were ine 
t deter! It can thu not de exciuded 
mad date, that r dioxide in even lower concentrations than those found in 
ing cal damage to the mucosa, and affect the secretion It 
not possil the yment to take up a position on the question of the role 
played by sulphur dioxide in smog from the point of view of human pathology 
\ g other thing ded here are further stud on the question of synergistic 
effect 
SU 
tel died the effect of acute sulphur ciliary 
n " { the tr i. Both live rabbits and For the 
rec ling it \ y published method involvir of the 
iry movement w ised The innalied the 
sulphur dioxide show that no Coe 


at conce 


sulphur 


of sulphur dioxide is enough to stop the ciliary movements 


Effects of Sulphur Dioxide on Rabbit Cilia 


ntrations below about 200 p.p.m 


dioxide directly on to the trachea 


” 


167 


Experiments which involved blowing the 
vitro show, however, that about 10 p.p.m. 


[his discrepancy can be 


explained by the absorption by the rabbits’ nasal cavities of large quantities of sulphur 
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On the Nature of the Synergistic Ac yr Acros 


In terms of the dynamics of sorption phenomena (DE Boer, 1953) tl 


practically infinite residence time of the molecule on the surface and 


into it because of the affinity of the surface for 7 

(2) The recorded irritation signal, 2, is assumed ; 
portional to its cause. It reflects the topical c 
short time interval on any small fraction of the 
the ensuing reaction is unknown, and so the f{ 
but could be determined empirically for each 

(3) The aerosols whose synergistic effect 
logically neutral themselves. The particle 
which results in the accumulation of 7 there« 
large number of 7-molecules 

(4) The synergistic effect resulting from irreversible collision of the particle with the 
surface depends on the different affinities which the particle and the tissue surface have 
for 7. It can be expected that the particle types with a high affinity for specific T- 
molecules can attenuate the response, provided the concentration of the aerosol is 
large enough to decrease the concentration of the gaseous fraction of T substantially. 
On the other hand, if the tissue has a larger affinity for 7 than the particle surface, 7 
will be transferred and produce an increase in concentration of 7 on the tissue, thereby 
causing an intensification of the response 

It can also be seen that the effect must be restricted to relatively low concentrations 


t 


of 7, and must depend on the concentration and size of the air-borne particle 
Before deriving quantitative relations we shall discuss the first systematic data on the 
interaction between various types of 7 and aerosols, namely those of LABELLE et ai. 


(1955) because they appear to justify at least qualitatively the principal assumptions 


THE RESULTS OF LABELLE ET Al 

The experiments determined the survival time of test animal (mice) exposed to toxic 
gases with and without the addition of aerosols Three different toxic gases were used 
two aldehydes (formaldehyde and acrolein), and nitric acid vapor. Their concentra- 
tions were the same in the presence and absence of the aerosol and were such as to 
cause, in the absence of aerosols, about the same survival period of the animals (of the 
order of 10° min). 

As aerosols, nine different substances were used: four liquids (tri-ethy 
ethylene-glycol, glycerol, mineral oil), one electrolyte (sodium chloride), and four 
sorptive materials (two commercial types of diatomaceous earth—Dicalite and Celite 

silica gel, and an absorptive clay) 

The mass median diameter d of the particles rans 8 to 3-3 microns, i.e. 
the upper end of the size range likely to reach, at leas he lower parts of the 


respiratory system (ALTSH ER 
I 


he 
animais 
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aerosols 
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results in a 
t al., 1957) 
no; 
in the absence of 7 
Of prime importance is the finding that the survival time can be either su J 
increased or decreased for the same type and concentration of 7 by differents 
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furthermore. that the same aerosol acts as an attenuator for one, and as an intensifier 
for another vapor 
The results lend themselves to the following analytical presentation 


The total particle surface area per unit volume A, 1s given by 
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where C, is the aerosol concentration per unit volume, p the density of the 
particles and d their median diameter. 
The relative synergistic effect a’ of an aerosol can be defined as 


(2a) 


where ¢ and f, are the animal lifetimes on exposure to 7 in the absence and in the 
presence of aerosol respectively. A negative value of a’ represents an attenuating, and 
a positive value an intensifying synergism. 

The specific effectiveness, or synergistic potential, a of an aerosol is defined as the 


ratio of a’ to the particle surface area 


pd 
‘| (2b) 
Ae 6C, 


a is thus a direct, although arbitrary, measure of the degree to which the total particle 
surface contributes to the intensification or attenuation of the toxic vapor. 

Table I presents values of A, and a derived from the data (LABELLE, 1955) for C, 
and d, together with the assumed bulk densities. 

C, was systematically larger (by about 5 times) for formaldehyde than for the other 
two 7-types, and a larger A, value has to be used for them. Obviously Ap is correct 
only for the liquid aerosols, and reasonably so for sodium chloride. For the other 
solids, however, it may be much too small, since any contribution by their internal 
surface to the accumulation of T cannot be accounted for. If A, is actually greater 
than the value given by Eq. (1), the value of a given by Eq. (2b) will be too large. 
Consequently, the majority of the a values for porous aerosols exceed substan- 
tially those for sodium chloride and the liquid aerosols. LABELLE graded the tests 
into three classes of statistical significance according to the mean deviation of t4. In 
Table I the data of “ no significance ”’ are bracketed. 


TABLE 2. SYNERGISTIC POTENTIAL OF VARIOUS AEROSOL TYPES 


Formaldehyde Acrolein Nitric Acid 


Celite Silica gel Mineral Oil 
Dicalite NaCl 
Mineral Oil Mineral Oil 
Intensifying Action | NaCl 
Glycerol 
Triethylene Glycol 


(Celite) Dicalite 
(Dicalite) Celite 
Silica gel 
{ttenuating Action Clay 
NaCl 
Ethylene Glycol 
Triethylene Glycol 


In italics: “ highly significant " data. In( ) data of no statistical 
significance if a>5 
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LABELLE’S investigation, although valuable in an exploratory sense, lacks informa- 
tion on the quantitative variation of the synergistic effect with the concentration of 
T(C,), and the concentration of aerosol (C,) 

Such data have been obtained by AmMpur (1960) for sodium chloride and certain 
T-types over a range of Cy and C, values. The extent of the concentration ran 
together with the fact that the investigated physiological signal (respiratory response 
in guinea-pigs) can be used as a measure of 2 over a wide range, warrant a more 
quantitative interpretation. Therefore the discussion of the basic assumptions put 
forward in section 2 will be developed further 

4. THEORETICAL CONSIDERATIONS 

We have attempted to derive, using elementary methods, the quantitative physical 
relationships which govern the interaction between tissue surface, 7-molecule, and 
aerosol particles. 

The tissue surface unit may be represented by a hollow spherical cavity, diameter 
D, having an inner surface area A, (=72D*) and a volume capacity V, (=0°52D*) 

For illustrative purposes a cavity diameter of 10-' cm. in rough analogy with the 


dimensions of the lower respiratatory channels, will be assumed, giving values of 
and |} 5-2 x 10-* cm’. 
The number of 7-molecules in the cavity, at atmospheric pressure and O°C, for a 
T-concentration of | p.p.m. (1.e. C7 =10°° cm? per cm”) Is 
N7 = 1-4 x 10 


where N is the number of molecules per cm* = 2-7 x 10"* 


Ihe area occupied by each 7-molecule after its transfer on to the surface A7 is 


approximately 15A® (i.e. A 1-5 x 10-° cm*). The maximum average surface con- 
centration on A,, after every 7-molecule in the cavity has collided irreversibly thereon, 
is thus 


Ky 0-167 0-067 (4) 

Ky increases linearly with C7 and with the diameter of the cavity, and represents in this 

illustration a surface coverage of less than 0-1% of A,. These quantities, however, are 

changed drastically in the presence of air-borne particles with which the 7-molecules 
can associate reversibly 

For simplicity a monodisperse aerosol of particle diameter d=0-3y, specific gravity 


p=l, and concentration C,=1 mg.m-*=10-* g.cm may be assumed. The 
number of particles in V, is then 


representing a total surface area of 
{,=7C,D*d" =1 x cm* 
The fraction of the entire cavity surface which receives a concentration gre 
of Ky by the transfer of 7-molecules from the particles is 
A, 
4 


i.e. mn’ increases with C, and D, and decreases with d 
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The number of 7-molecules bound to the particle surface A, for each complete 
monolayer Is 
ual D®(d 1, } 
i, 
and the ratio of bound to free molecules is 
\ 


=5 » 5 (8a) 
\ 


Hence, in contrast to n’, Fr increases with C, lecreases with d, and is independent 

of the cavity dimensions ( D) 
If, in analogy to the free 7-molecules, all part cles in the cavity have been deposited 
avity surface A.. and if conditions favour the transfer of all the 7-molecules 


surface fraction nm’, then the resulting surface concentration 


A (9) 


K'7 if each particle is covered by one complete monolayer from which all the 
T-molecules are transferred to the cavity surface, i.e. if equations (7) and (8) are valid 
In this case K’, would be about 1500 times greater than the average concentration pro- 
duced by the free molecules over the whole area Kr, although only 0-5°%, of the 
T-molecules is actually carried by the aerosol particles. It can be seen that A’, will 
be less (or greater) than unity if less (or more) than the equivalent of a monolayer ts 
associated with the particles—or when the transfer affects a larger (or smaller) area 
than that represented geometrically by A 

The model outlined above is an oversimplification and must be modified in several 
respects to give a more realistic picture 

(a) For given values of C,, D, Ay, and d, the number of 7-molecules bound to 
the particle surface N’; must vary with the concentration and partial pressure of 
T in the cavity, since the absorbed 7-molecules must be in equilibrium with those 
in the free state. The nature of the equilibrium depends on the characteristics 
of the absorption isotherm for the particular 7-aerosol combination. The 
general behaviour of such isotherms is a more or less steep rise of N’7 for low 
values of Cy, and an asymptotic approach to a saturation value N’y as C7 
increases, so that N’, becomes virtually invariable for high concentrations of T. 
[he initial variation of N’; with concentration can be represented, to a first 
approximation (DE Boer, ibid), by 


KNy 


(10) 
1+KNy 


when @, the saturation coefficient, is unity. This is realized when 
k is a constant which determines the “ steepness ” of the isotherm, 
i.e. the rate at which N’; approaches saturation with increasing ( 
We have, from Eqs (3), (9) and (10), 
DC,6 


K's (10a) 
nd 


from the particles to the Sq 
can be defined as 
\ 
nA na 
N's | 
ty 
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where » =0-52kN D* 
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(b) The number of free 7-molecules, and hence Ky, is diminished by those 
which become associated with the particles. However, this correction can be 
omitted, except for strong attenuation, where N7> N’',r (since A, <A,). 

(c) The sorptive capacity of A, for 7-molecules is not adequately defined by 
A,/Ar (Eq. 8), nor are the areas on the cavity surface exposed to transfer of 
T from the particles necessarily equal to A,. These uncertainties, together with 
that of the possibility of multilayers, are accounted for by replacing n’ in Eq. 
(7) by n=Cn’, where C is an empirical proportionality factor of the order of 
unity. Since nm and n’ do not vary with the concentration of particles and of 7 
(if @ approaches unity), it should be possible to determine n experimentally from 
by varying d 

(d) The free 7-molecules and the particles in the cavity will not reach the surface 
instantly, but gradually at an exponentially declining rate. Hence, it may be 
argued that for a more accurate representation of the irritation signal, a factor 
should be applied to each Ky and K’,y value which reflects the respective surface 
collision probabilities, i.e. the respective mobilities of the 7-molecules and the 
particles. However, this effect appears to be of second order significance because 
of the small cavity dimensions involved, and because the rate of air replacement 
(due to inhalation) should be sufficient to establish a steady state in the cavity 
Then a constant large fraction, though not the total of Nu and Nz, will be trans- 
ferred to A.. This would alter Ky and Ky’ only to the extent that the effective value 
of D would be less than that derived from the geometrical dimensions 

The overall concentration causing the irritation signal 2, derived from Eqs. 
(4) and (10), is 


R = Ky + 


6 nd(HnCr) 


This relation should describe in principle the intensification by synergistic 
aerosols. 

Fig. 1 illustrates the variation of K with Cr, derived by substituting arbitrary 
values into Eq. (11), in the absence (C,=0) and in the presence of a synergistic 
aerosol, for three different concentrations (C,=1, 3, 10). The dashed lines are for 
@ = 1, i.e. for the case of the invariance of N’7 with Nr. 

If the intensity, , of the physiological response reflects the variation of K, then the 
following experimentally verifiable predictions can be made: 

1. In the absence of aerosols should increase with Cr according to an empirically 
determinable relation 2(Cr) from which 2(K) can be derived to a fair approximation 
2. In the presence of aerosols 2 should increase 
(a) with C, for constant Cy, provided the latter does not exceed certain 
limits which increase with C,. 

(6) with Cy for constant C,. For large values of C7 the magnitude of the 
increase would be expected to decrease gradually to the vanishing point of the 
synergistic effect, and the vanishing point should increase with ¢ In terms of 
Eq. 11 the effect disappears as the second term becomes small compared with 
the first term. 

(c) with decrease in the particle size of an intensifying agent, provided both 


» and Cy remain constant. 
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3. The difference between the irration signals obtained in the presence and absence 
of a synergistic aerosol in the same Cy range [Le —-2( Kr) =2(K'7)| should 
increase for small Cy values until @=1 and then be constant and independent of Cr. 

These relations imply that a synergistic intensification is restricted to small concen- 


trations of 7 and to a relatively narrow range therein. This may explain the fact that 


sic Tunction | in arbitrary 
of (Kk } r) in the absence (¢ VU), and 
1, 3, 10) of a synergistic aerosol. The dashed curve 


awn curves (@=0°13; » =0-15 Cr) 


such effects have often escaped discovery. Neither would an unlimited increase in 
intensification be expected by increasing C, or by a corresponding decrease of d, 


because both variations tend to increase the coagulation rate of the particles with a 


resulting limitation for A, and thus of their adsorptive capacity 


DISCUSSION OF AMDUR’S RESULTS 


The results obtained by AmMpur (1960) from the exposure of guinea-pigs to two 


types of 7 (formaldehyde and formic acid) in the presence and absence of a sodium 


chloride aerosol have been reported in a previous paper, hence discussion of the 
experimental and evaluation procedures is unnecessary 
However, the physical state of the aerosol appears to require further definition 
because the theoretical aspects indicate the large influence of the size as well as of the 
state of the particles. Consequently an effort was made in this laboratory to investi- 
gate both using the same type of nebulizer (DAUTREBANDE, 1958) under the conditions 
revailing in AMDUR’s work 
4 1°, sodium chloride solution was used. The mean residence time of about 
| min(at 50 rh< 60°.) was realized by passing the aerosol into a chamber of suitable 
size prior to its entry into an aerosol spectrometer (Goetz, 1957) at a rate of 2 liter 


mi! The amount of particle deposit analysed was equivalent to an original air 
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volume of about 60 liters. The size distribution of the aerosol, determined by 
applying a light scattering method (PREINING ef al., 1959 and Goetz 1958) to the 
particle deposit, is shown in Fig. 2. It shows a distinct lower limit for a Stokes* 


diameter 0-184 which for a sodium chloride cry spond to 
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In view of this situation it appears realistic to use the previous 
diameter d = 3 x 10-° cm prior to inhalatio1 his value is much larger 
contacts the tissue surface and yields its previously adsorbed 7-mol 


would be indicated by a much larger value of A, in Eq. 6 


In order to make a qualitative comparis 


experiment, the following procedure was used 


The physiological signal 2 was defined tl 


stance 


where E£ is the resistance of each animal group prior to exposure, and F aff 


usic 
hour’s exposure to the agents. 2 is expressed as the percentage variation of the 


respiratory reaction with the change of Cy or ¢ 


* 5 is the diameter of spherical particles which fall with the same velocity as the actual particles and 


for which Stokes drag law is assumed to be valid. The geometrical diameter can 


substan- 


tially from 
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The quantitative relationship of 2 to C;—and thereby to K;—for HCHO in the 


absence of the aerosol is a linear function in log-coordinates over the range 


i.e. over an almost 50-fold concentration range of 7. The same relationship holds for 


the application of 7 by tracheal cannula. The data for F, E and Cr (taken from 


Tables | and 3 of AMpuR’s papers) are reproduced together with the reported uncer- 


tainty margins in Fig. 3a 


a Assumed 


with the HCHO concer 


lower function represents 2 


nection of the variation of the relative respiratory response, 2, 
| as derived from Ampur’s data. The 


C7 n the absence of NaC! 
or oral, the upper for tracheal application. The rectangles indicate 


The right ordinate represents K, derived from the linear interpolation 


the margin of possible error 
jing to (Eq. 122 
The relation between Z and K as derived from (3a) for oral and tracheal application 


The interpolation is thus defined by 
(12a) 
where A =4:24= 10°; A A and A refer to the normal 
and tracheal application respectively .* 


* Thus with oral application only about 38%, of T reached the lower respiratory realm 
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From equations (4) and (12a) we have: 


where w=0-167N . D. Ap=674x10? and ¢=4 =<1-02 103. 


wD 


A reduction of the log 2-scale by a factor of b and its shift by a factor of ¢ will thus 
convert the 2-values to the corresponding values of Ky and RK. 

The right ordinate axis in Fig. 3a represents the K7-values corresponding to the 
values of 2 shown on the left ordinate. Eq. 12b appears to be valid over the entire 
range of Cy used in tracheal application, but becomes incorrect for normal applica- 
tion when C7>10-°. Anempirical extrapolation was used for the latter concentration 
range (Fig. 3a), and it proved convenient to convert values of 2 into corresponding 
R values graphically by means of the relation shown in Fig. 3b. 

Combination of Eqs. 11 and 12b gives a general expression 


R r+BC, | (13) 


+nCr 


which for suitable values of the constants ¢, b, w, 8 and n, should describe all variations 
of 2 with Cr and C, 

The choice of values for these constants, however, is not wholly arbitrary. ¢ and b 
are fixed by the experimental conditions, and w contains only two arbitrary quantities, 
Dand Ay. The former is equivalent to a scale factor, in common with £, and thus 
does not affect K(C,, Cr), while the value assumed for A7(1-5 x 10-* cm?) is unlikely 
to vary significantly. The values of 8 and » are much more arbitrary than those of ¢, 
w and b. 


) represents both, the ratio of cavity to particle diameter and 


) 
nd 


the surface concentration nm. Since n=Cn’', 8 contains such unknown factors as 


The constant 8 ( 


the possibility of multilayer adsorption and the magnitude of the effective transfer 
areas on the tissue (see Section 4c). Since f is determined by the best fit of Eq. 13 


with experimental values, it can be used as a measure of ( , provided approxi- 
mate values of D and d are known. For the previously assumed va 

D cr i=3.10-°cm an 1 =3-4~x 


the corresponding value < 


Equation 13 can be conve 


Hence can be evalua C 
mental data for ¢ 
i.e. 6 approaches 


from different ¢ 
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he second empirical constant, », characterizes the adsorption isotherm for the T- 


ol components. It can be derived by the following procedure: Two corresponding 
are selected from the experimental data so 


2 and ¢ C’, for the same ¢ 
1), and 2, Cy a definitely unsaturated state 


represent the saturated (6 
rting 2, D’ to corresponding values K, K’, it follows from Eq. 13 that 


(14b) 


1 independently from 8 
applied to AMpurR’s data for HCHO in order to demonstrate 
of the theoretical relation (Eq. 13). A criterion is the degree of 


nental data for all variations of C, and Cy under the same con- 


ntical values for and 7 
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the indicated values being derived by calculation and 2(K,) for comparison. 
For clarity the curves for different C, values were separated from one another by 
vertical shift. 

The chosen values for the empirical constants were 8 = 1-65 = 10° and » = 6-7 = 10°, 
and are the same for all curves relating to oral application (Fig. 4a, b,c). The fit for 
C, =3 x 10°-* (30 mg . m~*) is obviously inadequate, but could be improved (dashed 
curve) by using a value for 8 (denoted f’) of 1-0 x 10°. This is not unexpected in view 
of the abnormal density of the aerosol, and the resulting coagulation which leads to a 


, 


larger mean d-value (d’), from d ~- follows that the assumed mean diameter 


should have been increased from d=3 x 10-° cm to about d’ =5 x 10°° cm 

However, the tracheal application (Fig. 4d) requires a value for 8 of 2:24 x 10°, Le. 
35°,, higher than the 8 value which fits the ora/ application data for the same C, 
(10 mg. m~*). This is possibly indicative of a lesser hydration state upon contact 
with the tissue surface. 

The value of » was the same throughout—an obvious requirement, for it 1s indepen- 
dent of the mode of application. 

In view of the unavoidable quantitative uncertainties, inherent in animal experi- 
ments, the agreement obtained with the theoretical function appears to support the 
basic assumptions made concerning the mechanism, despite the fact of a possibly 
systematic deviation for C7<3 x 10-7. AmpurR describes no significance to values 
of Cr<10-*. All the other data seem to lie within the estimated uncertainty 
margin. 

[he discrepancy between Ampur’s data and Eq. 13 can be examined in greater 
detail by using a linear scale for 2. Fig. 5 shows such a plot of 2 vs Cpr for ¢ 
lOmg.m-*, both with and without aerosol. The deviations appear surprisingly small 
in view of the varying C, values within the same test series (AMDUR’S Tables 6 and 8). 
[hese variations were not compensated for, hence the curves in Fig. 4 and 5 are based 
on approximate values (C,,=3, 10, 30 mg.m-*). The fluctuations in C,, contribute, 
no doubt, substantially to the discrepancies between the experimental data and the 
theoretical function 
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As mentioned above, the value of 8 derived from the best fit for the experimental 


data permits an estimate of n, since n Cn’ (Eq. 7). For assumed values of 


d.B 
D=10-' cm, d=3 x 10-° cm and n’ = 3-4 x 10-*, C becomes 6 x 10*, indicating that the 
tissue area affected by the transfer of T is about 600 times larger than A,, the geometri- 
cally defined particle surface (Eq. 6). It is certain that hydration of the salt particles 
occurs during transit through the respiratory channels, causing an increase in the 


Ay 
particle surface of at least ry 4-4), thus decreasing C to about 1:3 x 10* or, 


more likely, even less. Furthermore, if the particle carried more 7-molecules than the 
equivalent of a monolayer, which is almost certain in view of the solubility of HCHO, 
C would be reduced in proportion to the range of 20-60. This value of C can be ex- 
plained either by the spreading of 7 on the surface after collision, or by the inadequacy 
of the assumed numerical values—most likely by both 

The corresponding data for the exposure to formic acid—though less detailed 
show a basically similar pattern to that for formaldehyde. In the absence of the 
sodium chloride aerosol log 2 increases linearly with Cy, though at a lesser rate, and 
an intensification is produced in the presence of the aerosol. The intensifying effect 
however, appears to vanish at a Cy value as low as 3 x 10 It must be realized that 
HCOOH (B.P. = 100-7° C) differs so drastically from HCHO (B.P. 21° C) with 
regard to volatility, that a close analogy of the adsorptive affinities of the two sub- 
stances 1s not at all to be expected 

More data, especially with non-hygroscopic aerosol materials (paraffin oil or 


latex) of well defined d are needed to clarify further the quantitative aspects of such 


NOMENCLATURI 
le definitions 
geometrical diameter 
kinetic (Stokes’) diameter 
density 


ncentrat 


mass-Col 
(total) surface area 
number of particles in cavity 


number of 7-molecules sorbed on A, per monolayer 


diameter of (spherical) cavity 
Surface area 


volume 


orbed on particles 


pre ry ems 

a 

i, 

\ 

Cavity definition 

] va definition 

\ number of molecules per cm?® at | atm 

i urtace occupied Dy ne 7-molecule 

( volume concentrauio! 

\ number of 7-n iles in cavity 

N 
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K, surface concentration resulting from N; 


stants of adsorption isotherm 


aturation coefficient of tsotherm 


tur 


ratio between effective surfaces of particle nd cavity 


empirical factor indicating ratio between actual si e concentration 
(mn) and that resulting from monolaye ler geometrically defined 


conditions (n') 


al response 
animal life time without and with aerosol 
resistance of animal group prior and after exposure 
(F/E)-—1)|. 10*... relative respiratory response to oral, tracheal a 
constants derived empirically from animal response 


synergistic potential of aerosol 
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Abstract—Smoke plumes are useful for determining diffusion characteristics of the atmosphere 
Photographic techniques for recording instantaneous plume shapes usually require two cameras 
operated simultaneously and arranged either stereoscopically at one side of the plume or one below 
and the other to the side. While theoretically accurate, the two camera system is not flexible for un- 
predictable wind shifts, it requires a timing interconnection and the mathematical data reduction 
process is complicated 

The author proposes a system wherein a single camera is placed on the ground to the side of the 
plume and a wind direction recorder replaces the other camera. This system, which uses a simple 
commercially available camera and permits wide latitude in selection of a camera site (although 
optimum locations exist), has simple perspective corrections and good accuracy 

This paper describes the plume properties of interest to meteorologists, the requirements of a single- 
camera system, the perspective corrections and the error to be expected due to azimuthal wind 
fluctuations about the mean wind 


INTRODUCTION 


OBSERVATIONS of smoke plumes from chimneys have been used at various times to 
verify predictions of plume rise due to emission velocity and buoyancy. It is not clear 
in much of the published data what corrections, if any, have been used for distortions 
arising from visual perspective. Recently, GirrorD (1959) suggested that direct ob- 
servation of smoke plumes would be convenient for evaluation of atmospheric 


diffusion coefficients, since concentration measurements would be unnecessary. 
DAVIDSON and HALITSKy (1958) used this technique to determine diffusion coefficients 
as well as to estimate ground concentrations 


The accuracy of measurements taken from a photograph of a smoke plume depends 
upon two conditions: the edge of the plume must be clearly defined, and the angular 
relationship of camera axis and mean wind must be known. The first condition may be 
met satisfactorily, at least for distances from the source up to several thousand feet, 
by using a non-evaporating oil fog whose white color shows up quite clearly against a 
blue sky. Possibly colored smokes may improve the contrast for other sky conditions. 
Professional photographers will undoubtedly be of assistance in this aspect. The more 
serious factor, however, is the perspective distortion. 

When a plane figure is photographed, the image will be geometrically similar only if 
the planes of the figure and the film are parallel. A smoke plume at any instant of 
time is a sinuous three-dimensional figure whose azimuthal orientation is only 
approximately known. Also, topographical limitations usually restrict the choice of 
a camera location. Thus the co-ordinates of most points in the plume as measured 
from the photograph will rarely be correct. Of course, elaborate stereoscopic tech- 
niques may be devised to overcome this difficulty, but simplicity is a virtue in these 


cases and it may be well to examine the errors inherent in the single-camera technique, 
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together with procedures for their minimization without compromising flexibility and 


speed 
Ihe error analysis presented herein has been developed from the perspective correc- 


derived during the afore-mentioned investigation 


EXPERIMENTAL PROCEDURI 
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PHOTOGRAPHIC DATA REDUCTION 


List of Symbols 
A plume dimension appears in four planes: film, screen, imaginary full-size and 
mean wind full-size. The first three planes are parallel. Corresponding dimensions 
in these planes are given the same letter in lower case, lower case primed and upper 
case respectively. The corresponding mean wind dimension is given another letter 
entirely. However, all four are grouped for definition 


a,a,A horizontal distance from edge of frame to plume source 
D horizontal distance from camera to plume source 
fractional error resulting from omission of § correction 
fractional error resulting from omission of ¢ correction 
quantity defined by Equation 5 
focal length of camera 
focal length of projector 
quantity defined by Equation 6 
enlargement factor defined by Equation 3 
horizontal distance from projector to screen 
vertical plume thickness 
inclined plume thickness 
frame width 
horizontal plume length 
inclined plume length 


plume rise above source 
quantity defined by Equation 8 
height of plume source above camera 


horizontal angle between camera axis and camera-source line 


horizontal angle between film plane and mean wind plane 


horizontal angle from North to camera-source line 

horizontal angle from North to mean wind 

horizontal angle between camera axis and line joining came 
point in plume 

elevation angle of point in plume from horizontal li: 

horizontal deviation of instantaneous wind from the 


vertical expansion angle of a plume segment from the 


The plume co-ordinates which are of interest to 
rise above source, vertical thickness, local angle « 
the instantaneous plume at a given dow 
all these quantities cont 


These are « and show! 
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North 


ematically the source, instantaneous plume, camera, 
ym views. The source appears a distance a 


‘tal width is w. By geometry and trigonometry, 


wind are parallel. In this specia 


directly proportional to full size 


rue dimensions of the plume become 


be eliminated if 


urce and the center 


| | 
999-6 
a 
e 
D 
| A 7imuthal orientation of mean wind and camera 
projected image Fig hows scl 
pri ector and scree pian and 
thas 
tar (2) 
Whe 0, the planes of screen, film and mean (x | 
case, dimensions measured on the screen will be [iS 7c 
dimensions The c tant of proportionality 1s 
K im (3) 
Thus, from Figs. 2 and 3, the true ies 
length Kx 
rise above source 4Z=K Az 
vertical thickness } Ky 
local expansion angle of plume 
segment from source tan ¥y V cos* 6/4 
(4) 
elevation angie from horizontal 
line through sourc tan 6=4Z/ X 
| 
In the expression for ta the factor cos? @ may WENN, «=X and V are 
measured along and normal to the line joining the so of the plume 
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2 
4 
© 
E 


ELEVATION 


segment. When measured in this manner, the coordinates will be terme 
Then tan = vo 
When § 1s other than zero, the scaled-up screen dimensions repr¢ 
of the true plume on an imaginary plane parallel to the film plane 
¥, 4Z and V are only components of the true dimensions L, 4H and 
latter quantities, we may make use of the plan view of Fig. 2. By t 
sin (YOU 


sin (90 \) 
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from which, 


cos 6 +s1n tan « sin 


Introducing the new quantities F and G, defined as follows 


COS +$in tan 


G =X sin MF, 


we obtain 
G) 


frame width w' 


Fic. 3. Projected image of plu 
Now, from the elevation view of Fig. 2, we find 


Z+4H M+Lsini 
Z+A4Z 


which, when combined with (5), (6) and (7) yields 


4H =(4Z +ZG)i(i —G) 


he plume corrections assume a simpler form if we let 


4Z, 4Z+ZG 


4Z,/(1 


(6) 
“Nhe 
| | V 
source 1° 
camera elevatior | 
(8) 
Then 
4H- (9) 
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The plu:ne thickness is obtained by subtracting the height of the top of the plume 
from that of the bottom. Thus 


G) 
The tangent of the local expansion angle & becomes, from (7) and 


tan w T cos? @/1 


The tangent of the elevation angle @ becomes, from (7) and (9) 


tan @=4H/1 
(4Z,/X)} 


~ 


Equations (5) through (12) provide the correction factors by which tl 


of the plume obtained from the screen by Equations (4) may be transforn 


dimensions in the vertical plane containing the plume centerline 


marized in Table 1. 


TABLE | CORRECTION FACTORS FOR PLUME COORDINATES 
THE VERTICAL CENTERPLANE OF THE MEAN WIND 


Length from source ¥/F(1-G) 
Rise above source 4H =4Z,/(1 
Vertical thickness 


Tangent of local expansion 


angle 
Tangent of elevation angle of 


point in plume 


Auxiliary Formulae 
(See Fig 


ive when plume mo\ 


(See I ig 
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EVALUATION OF ERRORS 


Error Caused by Omission of the 8 Correction 


A numerical evaluation of the error caused by omission of the § corrections 


developed in the preceding section may be of interest. A practical case is described 


in App. |, where the plume source was 300 ft. above camera elevation and the camera 
was 4180 ft. from the tower 
lhe first correction is for the tilt of the horizontal reference line through the smoke 
source. This affects the measurement of plume rise and elevation angle, although it 
cancels out in measurement of plume thickness and local expansion angle. 
The inclination of the horizontal reference line may be found from Equations (8) 
Setting 4H =0, 
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AZ ZG =| —Z sin B/MF\X 
Z sin B/ D cos (« — B)|X 
~{ —-ZtanB/D|X for small «. 
Substituting actual values of Z and D, 
AZ/x 330 tan 8/4180 ‘079 tan 8 
and the inclination of the reference line through the source is approximately + 1-7° at 
20° and +3-8° at 40°. 

When the tower is at the center of the film frame, « =0 and the above approximation 
holds. The effect of « on the inclination is not large for —20°< 40° but is sig- 
nificant for 8 20°. The exact values of 4Z/X for a =0° and 25° are shown in Fig. 4a. 

After correction for reference line inclination, the fractional errors in the five plume 


parameters may be found from Equations (7) to (12) as follows 


E = uncorrected/corrected — 1. 
Length from source E, = 
Rise above source 
Vertical thickness 
Tangent of local expansion angle: Evy 
Tangent of elevation angle Evan: 1, where 
F=cos 8 +sin 8 tan « 


G=X sin sin B/cos (« —8)| (X/D). 


Figs. 4b, c and d show these errors graphically for « =25°. The errors in the linear 
coordinates are quite large, especially at large distances from the tower. However, 
the errors in the angular coordinates are small for values of 8 approximately equal to «. 


Error Due to Lateral Wind Fluctuations 

The atmospheric characteristics of interest to the meteorologist are the local expan- 
sion angle # and the distribution of elevation angle @ of individual smoke puffs. The 
errors in both these quantities have the same form if measurements of vertical distance 
are taken from the corrected horizontal reference line. Thus, the following analysis 
will be valid for both. 

Let ¢ represent the azimuthal deviation of the instantaneous wind from the mean 
wind (Fig. 2). A point p’ in the projected image would represent not P of the mean 
wind but P, of the instantaneous wind. The true coordinates of the instantaneous 
plume would then be given by Equations (7) through (12) with 8 replaced by 8 + ¢. 


The angular expansion of the instantaneous plume y is defined by Equations (5) 
and (11). Thus, 


tan =(V,/X,\(cos 8 +sin tan «) 


and 


tan [cos (8 +4) +sin (8 + ¢) tan a] 
The fractional error is then 


sin tan « 


+ Sin { tan « 
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By trigonometric substitution this reduces to 


Sin @ tan (a 


the above function with (« )asa parameter. When (a 
ictuations produce equal positive errors. From ¢ 


from 0 to 6 per cent, but wider fluctuations have much greater 


(x - 
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Now, expressing the angle ¢ as a multiple n of the standard deviation, we obtain 


dp dn, 


and 


Weighted # n (sec no — 1) exp | /2) « (19) 


0 


The upper limit , must be given a practical value, since sec no approaches © as no 
approaches 7/2. Experience shows that an angular dispersion of + 3o will include 
most of the observations. Therefore n,=3. The integration has been performed 
graphically for o = 10°, 15° and 20°, yielding values of the weighted error = -015, -036, 
and -070 respectively 

The experiments of App. | produced the frequency distribution shown in Fig. 6 
(o=14-8°). A weighted error for the actual distribution was calculated by using 


04 ———— ——- T 


| 


at Buchanar 


Equation 17 and Fig. 6. Fig. 7 shows the variation of weighted error with «-—§. The 


slight asymmetry is due to the frequency distribution. We note that the weighted 


error has a minimum value of 3 per cent at « 0 and ts less than 10 per cent for the 


range of « —f 35 [he value of the weighted error at « -8 =0 checks well with 


the value obtained using the normal curve up to + 3e 


Effect of Camera Location and Orientation 

Although the previous equations have been derived without restricting the camera 
location and orientation, care in selection of a camera site and camera angle can 
reduce errors and in some cases eliminate part of the § correction. 

For instance, to minimize error due to azimuthal fluctuations about the mean wind, 
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This condition is obtained by placing the camera on a 
ndicular to the mean wind (see Equation | and Fig. | 
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Single-Camera Measurement of Smoke Plumes 


ninimum error 


directly on the screen without error. This condition is met when « — y = 90° — « (see Equa- 
tion 1), which places the camera off the perpendicular by « degrees. The camera may 
then be rotated in azimuth until the source is « degrees from the centerline in the field 
of view. In the example of App. |, « may take any value from —27-9° to +27-9°, the 
positive values producing the longer plumes. 


Figs. 8a and b illustrate the arrangement for greatest accuracy with « 0, and 


for a practical compromise with « = 15 
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APPENDIX 


EXPERIMENTAL CONSTANTS 
FOR THE TESTS DesCRIBED BY DAVIDSON AND HALITSKY (1958) 


Camera Location 
Site: Consolidated Edison Nuclear Generating Station at Buchanan, N.Y 
D = Distance from camera to source = 4180 ft 
Z = Height of plume source above camera = 330 ft 


Camera and Projector Camera Projector 
Frame width, w, in 1-45 
Focal length /, or /,, in 4-93 


Maximum half angle, amax = tan 
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rr Eq. (3), A Wim D cos af, 
ce ca x 2400 |, the projection distance was 
4180 «4-93 ¢ 2400 « 1:37 <6 27 cos « ft 
ico ia 25 
” 6) §-9) ft 
May ’ Ip engtn trom this camera location 
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PREDICTION MODEL OF MEAN URBAN POLLUTION 
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INTRODUCTION 


CONSIDERABLE attention in recent years has been given to describing exposures of 


receptors to emissions from known single sources. Very little information has been 


assembled pertaining to the distribution, strength, and temporal variations of the 


multiple sources responsible for exposures of receptors in urban areas. Consequently, 
while the possibility of computing exposures as being the sum of the effects of numerous 
individual sources exists, little such work has been undertaken except by considering 
the multiple urban sources as a uniform horizontal plane source (LUCAS, 1958). 
Urban exposures have been described principally by means of direct air quality 
measurements, or through empirical relationships expressing these measurements in 
terms of indices of meteorological processes (MARKEE, 1959; D.S.I.R., 1945; Davip- 
SON, 1942). For both planning and control purposes, a direct me: to compute 
concentrations is desirable, since measuring the effects of proposed alterations of 
existing source patterns is impossible 

As part of an air pollution study in Nashville, Tennessee (ZEIDBERG ef al., 1960), a 
relatively dense array of sampling locations was set up. A preliminary inventory of 
sulphur dioxide emissions was made to permit computation of concentration patterns 
for comparison with the measured data 4 comparison of 24-hour values from the 
Nashville tudy 1s to be reported elsewhere (TURNER, 1960); the work here reported 
is intended to test the success with which monthly mean concentrations may be 


computed 
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The relationship expressed by Equation (1), and the choice of numerical values to be 
used were based on several considerations. Horizontal flow past surface obstacles 
will generate turbulent motions, particularly over the rough surface of an urban area. 
The speed of flow near the surface is itself in part a reflection of existing turbulent 
exchange of horizontal momentum, however, particularly in the areas of appreciable 
topographic variation, so that surface winds are both a cause and an effect of vertical 
diffusion. The scale of wind-generated turbulence should be determined by the size 


of the obstacles to the flow which act as generating elements. The scale of the “ wind- 


creating *’ turbulence, being associated with thermal convective cells and larger-scale 


processes, should be at least an order of magnitude larger. The intensity of the 
turbulence, defined as the ratio of the mean speed of the turbulent elements to the 
mean transport speed should be quite high and invariate for wind-generated turbulence, 
because there are so many obstacles to the flow in an urban area. The intensity of 
the larger-scale turbulence should be much more variable, with a considerably 
reduced average value. 

The implication of this view of turbulence over urban areas is that, for short travel 
times under any conditions, the rate of diffusion should be determined by wind speed 
only; with increased travel times, a direct dependence on wind speed will be increas- 
ingly obscured by a generally larger component due to other causes. There will be 
some relationship between wind speed and this larger component, however, so that a 
virtual relationship between wind speed and rate of diffusion should be found for all 
travel times. In terms of the exponent « of Equation (1), for short travel times, or in 
the absence of any turbulence except that generated by the surface wind, « should have 
a value of unity, from dimensional considerations. For long travel times, with high 
values of the intensity of the large-scale turbulence, there would exist essentially no 
dependence of diffusion rate on the wind-generated turbulence, so that « would be 
zero In general, however, because of the relationsh p between the magnitude of the 
larger-scale turbulence and low-level wind speeds, an effective value of the exponent 
x should decrease to a lower limit determined by the correlation between large-scale 
turbulence and wind speed 

The value of the exponent will depend on the travel time in relation to the scale of 
turbulence. For very short travel times, 8 would have a value of two; for travel times 
increasing to many times the (time) scale of turbulence, and with homogeneous 
turbulence, 8 would decrease to unity. For most real pollutants, there should be some 
depletion by surface deposition. The vertical mass transfer by convection, when 
present, would provide a much greater depletion. The influence of both these effects 
on surface concentrations could be represented by increasing the ¢ 
* pure diffusion value 

Finally, cognizance must be taken of the results ITC *stigations relating 
concentrations to meteorological parameters. Several investigations have shown that 
urban concentrations can be related to wind speed by an inverse power law relation- 
ship, with a wind speed exponent of 0-5 being derived or assumed in dealing with 
relationships combining data for all times of the day. If a simple form of Equation 
(3), such that the exponential term will be always near unity, 1s considered an appro- 
priate formulation for general area sources, the empirical results imply that the wind 
speed exponent in the denominator of Equation (3), viz. 1 +0°S(« ), will be 0-5, 


i.e., that («—8) will be 1-O. From limited and unpublished investigations of 
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relationships of Cincinnati and Louisville data, a slightly higher power law exponent 
was obtained. Since both these cities are in more hilly terrain (than Leicester and 
New York, say), this difference should be expected, because of a higher expected. 
correlation between wind speed and larger-scale turbulence. A value for the difference 
(« —-8) of —0-9 was adopted for the period of record to be considered at Nashville. 

Somewhat greater weight should be given to conditions associated with higher 
concentrations than with low, in representing mean effective diffusion rates. Relative 
concentrations for travel distances up to several miles should be described. To repre- 
sent such diffusion conditions, it was considered that the exponent « should be in the 
range 0-5 to 0-8, and the exponent f, 1:3 to 1-6. With the restriction imposed by the 
difference (a — 8) noted above, « would be 0-5 to 0-7, and 8, 1-4 to 1-6. The middle 
value of each range was then selected as being the most likely value, or «a =0-6, and 
8 =1-5. The choice of values for other locations, or other seasons, would generally be 
different, in accordance with the preceding discussion 

The value of the coefficient L was obtained by assuming, with the above values for a 
and §, that with a wind of 5 m/s, the mean plume would have a depth (taken as 20) of 
about 60 m at a travel distance of | km, or L =0-06 m'** sec ~**. The value of 60 m 
was based primarily on observations by the author of visible smoke plumes from a 
variety of sources. As was true of the exponents « and §, a different mean value of the 
coefficient L would be chosen for different seasons and locations. 

Expressing distances in miles, s, choosing an effective mean value of 30 m for A, and 
substituting numerical values for the constants in Equation (3), we have 


0-058 1 uw? 
1-435 x 10-° exp 
, 


Choosing a representative wind speed for each Beaufort wind speed class (Table 1), 
the relative concentration for winds of a given speed class as a function of distance 
g..) can be calculated. The mean relative concentration at distance s and direction 


¢ from a single source YQ), IS given by 


ynal frequency of winds of speed u and direction @ 
1 to provide relative concentrations along the center lines of the 


Concentrations at intermediate directions were obtained by 
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linear interpolation between adjacent directions. More sophisticated interpolation 
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zontal plume distribution, and assuming a continuous function for the probability 
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of winds from an infinitesimal sector width, are not justified in view of the uncertainties 
of the necessary assumptions, and in view of the approximations represented by 
the observations themselves 

The contribution from the source square centered at the grid origin was calculated 


by assuming the source to be a circular area source of uniform emission strength, 


and of area one square mile. The concentration at the center of the circle is indepen- 


dent of wind direction and is given by 


2exp| a] 0:889 x 10-* | exp | 


(6) 


A is the number of square meters per square mile, and the integration limit, 908 m, is 
the radius of a one square mile circle. The mean concentration is the summation 
of the concentration for each wind speed (g, ,) times the fractional frequency of winds 


of that speed (/,), 


The wind speed and direction frequencies used in Equations (5) and (7) were monthly 
summaries of hourly observations taken at the Nashville Airport, Berry Field (U.S. 
WEATHER BUREAU). These data were examined for odd-even bias, which, if sufficient, 
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Estimates of p, r, and m can be made (Table 2) and a value of m for each month can 
be obtained from a consideration of all months’ data, as will be done below. The 
combined uncertainty from all these parameters is too great to permit a reliable 
calculation of the conversion factor C, and therefore an empirical conversion factor 
was determined for each month from a comparison of observed and calculated 
concentrations. For each sampling site, a calculated concentration was determined 
by interpolation from the isopleths drawn (e.g., Fig. 1). A graph was plotted of 
observed vs. calculated concentrations, and a linear regression line computed by the 
least squares method (Fig. 3). If there were no bias in either the calculated or ob- 
served values, the slope of the regression line would be the empirical conversion factor 
desired, and the intercept with the ordinate would represent the average exotic con- 
tribution—exotic here meaning from sources not included in the inventory. Evidence 
of some bias, and its probable effect, will be discussed below 

Conversion factors for additional months could be obtained by the same rather 
lengthy procedure as was done for the five principal heating months, but it is probable 
that the change of relative emission patterns would invalidate such computations. A 
simpler method was therefore devised and is believed to provide results which are of 
comparable validity to those that might be obtained by the more involved procedure 

A simple nondirectional monthly diffusion index was obtained from Equations (5) 
and (7). A proportionality constant, equal to the sum of concentrations at six 
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TaBLe 3a. COMPUTATION OF MONTHLY PROPORTIONALITY FACTOR Ff 


Month 


Nov., 1958 0-812 3-01 
Dec., 1958 1-275 2-87 
Jan., 1959 1-326 2:74 
Feb., 1959 1-091 271 


Mar., 1959 0-968 3:00 


Mean 


TABLe 3b. ESTIMATES OF CONVERSION FACTOR, Cy, FOR ADDITIONAL MONTHS 


Month 


Sept., 1958 
Oct., 1958 
Apr 1959 
May, 1959 


NM Nh 


sum of mean daily sulphation rates,in 10 Mg SO, dn F r stations 5 
71 
monthly diffusion index value = S g 


u uO 


C, =empirically determined conversion factor from regression equation 
F =0,/1eC, 
= 0,/ lat 


6 


selected stations in the region of highest concentrations divided by the index value 
times the regression line slope value, was computed for each of the five heating months, 
and the five numbers averaged to obtain a single constant (Table 3a). The conversion 
factor for each of several additional months was then estimated as being equal to the 
6-station total concentration divided by the product of the proportionality constant 
and the diffusion index value for that month (Table 3b). 

Assuming that the conversion factor for each of the remaining summer months is 
that computed for September, the relative monthly emissions for a complete year are 
known, and therefore the parameter m in Equation (8) can be computed (Table 4). 
Values for months in different years should differ somewhat from the values for the 
particular year computed, aside from any new sources or changes in types of fuel 
consumed by existing sources, because of differing heating requirements. The 
indicated annual variation of emissions is undoubtedly larger than would be found in 
most urban areas. One of the criteria by which Nashville was selected as a study area 
was that there be a large annual variation of * pollution ” 

Since the parameter m is defined as the ratio of the daily average consumption (or 
emissions) during a given month to the annual daily average, the ratio C/m will be 
the same for all months and is simply the average of the 12 monthly values of C, or 
0-576. This value is about 15 per cent greater than the “ best estimate ” value cal- 


culated (Table 2). The agreement may be closer if the effect of sampling bias, dis- 


cussed in the following section, is considered, and if the small contributions to SO, 


emissions from sources other than the burning of coal are included 


This apparent agreement may be fortuitous, however. If all calculated concentra. 
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TABLE 4. VALUES OF mm, RATIO OF MONTHLY AVERAGE DAILY SO, EMISSION RATI 


TO ANNUAL DAILY AVERAGE RATE, NASHVILLE 
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DISCUSSION AND CONCLUSIONS 


For each of the five principal heating months, the observed concentrations were 
expressed as percentages of the values predicted from the regression equation for that 
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ved Concent 


diffusion conventionally takes place. For December, the ordinate intercept was 
increased from 0-060 to 0-151, and the slope constant slightly decreased from 1-275 to 
1-186, by using the selected data. There is apparently additional bias in the data, for 
the exotic component, based on the distribution of observed values (Fig. 3) and on the 
locations at which the minimum values occurred, is about 0-30 mg, or twice the value 
determined from the supposedly de-biased sampling data. The value of the empirical 
conversion factor (the slope) appears to be a relatively stable statistic; about the same 
proportionate change was also found for other months examined. The slope con- 
stants based on data from all stations were adopted as representing the empirical 


conversion factors for different months since a more reliable statistic should be ex- 


pected from the larger number of data. The values adopted appear slightly to over- 


estimate the conversion factors because of sampling bias 

The monthly conversion factors should be proportional to mean monthly emission 
rates, and hence to fuel consumption. Fuel consumption, in turn, should be dependent 
on space-heating needs. Within limits, then, a linear relationship between the monthly 
conversion factors and space-heating needs (expressible as degree-day totals) should 


exist. For the five principal heating months, a good linear relationship was found 
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(Fig. 5), providing an internal check on the consistency of the model as used. The 
slight departures from the linear trend suggest that the dependence of concentrations 
on wind speed has been over-emphasized by the model, i.c., in Equation (1) ef seqg., the 
exponent « should be slightly decreased, or 8, increased. 

The linear trend of emissions with degree-days is not sustained through the tran- 
sitional months. It is likely that the autumn increase and the spring decrease of 
emissions is more a reflection of the number of sources operating than of the emission 
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rates of operative sources; the relative emission rate for no heating requirements from 
the regression line (Fig. 5) is evidently not the minimum emission rate for the area, 
but is perhaps the minimum emission rate with all sources operating. 

A number of adjustments are possible that would result in closer agreement between 
computed and observed concentrations. Such adjustments are not necessarily better 
assumptions, however. The source inventory is of a preliminary nature and should be 
expected to be in error in a few important particulars. The diffusion equation cannot 
adequately describe spatial variations of diffusion, nor can the simple utilization of the 
equation take into account spatial variations of transport. Also, the influence of 
nearby sources is greatly oversimplified by the assumed source distributions. Some 
divergence of observed, from computed concentrations, is therefore to be expected; 
the divergence indicated is of insufficient magnitude to make a recomputation of 
relative concentrations feasible, in view of the many sources of possible error. For 


computing concentrations in the Nashville area, the regression equations for the five 


months analyzed provide values that are satisfactorily close to observed values. One- 
half of the observed concentrations were between 80 and 125 per cent of predicted 
values; less than 1/20 of the observed values differed from predicted by more than a 
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factor of 2, with many of these being apparently erroneous data. A subjective modifi- 


cation of computed concentrations to take into account topographic effects would 


permit even closer estimates of actual concentrations to be made. 
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Abstract—The « just { ition are studied and it is argued that vertical surfaces are far more 


kely to be m™ ted than horizont < that optical obscuration of surfaces is a better 
A new type of instrument has been designed on this basis 
in units which are related to the likelihood of dust 
f instrument is shown to be more responsive to coarse 
is Carried out by optical n ethods but the in 
with optical measurements are av 
it has ample sensitivity and also can cover a 


the control of dust emission from industrial chimneys 


1. INTRODUCTION 
ALI rnaces and, to a lesser extent, oil burning furnaces, carry con- 
siderable quantities of ash, some of which is finely-divided and is likely to be lifted by 
the velocity of the furnace gases, and emitted from the chimney, to the detriment of the 


neighbourhood. When the coal itself is finely divided, as in pulverised fuel furnaces, 


‘ 


pri blem is, of irse, intensified For all large furnaces, and for all furnaces 
burning pulverised fuel, it is now mandatory to instal dust collecting plant, so that the 


pollution of the neighbourhood is minimized 

Modern plant is capable of such high efficiency in combustion and electrostatic 

precipitation that when it is suitably designed and maintained in perfect order there is 

no likelihood of offence being caused. However, if there is some degree of failure in 

the plant there is a possibility of objectionable emission. It is therefore desirable to 

s leaving a chimney, so that a record is obtained which either 

yperation or gives warning of failure. It is also desirable to 

ensure that the plant maintains the expected standard of 
pital and running costs involved 

is essential to analyse the nature of 

rm of instrument ts obtained. It is convenient to 

and each makes its own contribution to air pollution. 

ge greater than 100 microns, falls rapidly to the ground 

sually turbulent, and causes a particularly obvious and 

kind of dust is relatively easy to remove from flue 

h is in any way excusable. At the 

han 10 microns. Its motion in the 

nts and not by 

oduces 

erwise 

iness 


ari ied 
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of appearanc Ihe measurement of this category of dust can in principle be cH 
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out by instruments which measure the optical density of the flue gases before they 


leave the chimney and recently, with improvements in the design of these instru- 
ments, can be measured successfully in practice (LucAS, 1961). 

The intermediate category of dust is partly affected by air movements in the atmos- 
phere and partly by its own falling speed. It contributes little to the visibility of 
plumes and the obscuration of sunshine, but it can contribute markedly to pollution 
at ground level, though its behaviour is somewhat more complicated than the behaviour 
of extremely coarse particles. It cannot be satisfactorily measured by the optical 
density type of instrument mentioned above since it is effectively masked by finer dust. 

The instrument described in this paper has been designed to cope with this category 
of dust, but also responds well to coarse grit if for any reason this should still be 
emitted. The measurement of pollution by dust at ground level is generally at present 
only carried out by the standard deposit gauge. This gives a useful result where very 
coarse dust and low wind speeds are involved. Its efficiency becomes virtually zero 
for all other conditions. It is based on the assumption that nuisance is caused by the 
dust falling on a horizontal area. This is probably only true of a small and decreasing 
proportion of cases of dust pollution. It must be pointed out that a typical free 
falling speed for a dust particle is 20 cm/sec and a typical wind velocity is 300 cm/séc. 
Dust therefore moves almost in a horizontal line and is far more likely to affect vertical 
surfaces than horizontal. Thus, complaints of pollution are caused by dust which 
settles on drying washing, obscures the surfaces of houses and trees, or enters open 
windows. Even when dust settles on horizontal surfaces it rarely remains there but 
is blown along until it is intercepted by a vertical feature such as a gutter or house. 
Conversely when dust is observed to lie on a horizontal surface such as a window sill 
it has been caught initially by the window itself and has subsequently fallen on the sill. 
Further, when dust lies on horizontal surfaces inside houses, the amount which enters 
is a function of the area of open window. This area is of course vertical 

The pollution of some outdoor object takes place in two stages. In the first stage, 
the dust has to reach the surface of the object by settlement or impingement. In the 
second place, it obscures some of the light which is normally reflected from the object. 
The likelihood that a dust particle will settle or impinge is a complicated function of 
the particle’s size and density, the velocity of the air stream in which it finds itself, and 
the size and nature of the object. If we consider the amount of dust which would pass 
through the outline of the object if the object were removed, the fraction of this amount 
of dust which in fact reaches the surface of the object is roughly proportional to the 
free falling speed of the particle in air, until this fraction approaches unity. (The free 
falling speed of a particle in air is approximately proportional to the square of its 
diameter.) It follows that on a weight-for-weight basis, coarse particle 
likely to cause complaint than fine ones. This is to some extent offs 
after the particles have settled the obscuration 1 
settled particles, and in this respect fine par 
siders the nett result of these tv nctions 
dust increases proportionately with particle size 
that on a similar basis the response of an instrumer 
density of the flue gas is inversely proportional to particle 


The dusty air at ground level which causes nuisance differ 


chimney in velocity and in dilution, and both factors 
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If the nuisance value of the dusty gas in the duct can be measured, then the likelihood 
of nuisance in the neighbourhood of a power station or other source of emission can 
be calculated. The most convenient definition of nuisance value, both from the point 
of view of measurement in the duct and measurement at ground level, is the percentage 
obscuration caused on unit area by the dust which impinges on unit vertical area in 
one minute 

An instrument* has been designed in accordance with this definition and is des- 
cribed below. Besides observing this basic principle to design the instrument, the 
essential principles of good instrument design have also been followed, so that the 
accuracy of the instrument is maintained, even though there are variations in supply 
voltage, cleanliness of the optical system, ambient temperature and the ageing of com- 
ponents. The instrumental features are described in more detail in a paper published 


‘ 


in J. Sci. Instr., Jan, 1961 
A gauge has been designed by the authors to measure the nuisance caused by dust at 


a particular point at ground level, based on the same arguments as the present instru- 
ment. It is hoped in the near future to publish a description of this gauge. The 
correlation of the results obtained by the gauge with the measurements made by the 


instrument will be an interesting exercise for the future 
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there is no outlet, but is deflected around it, carrying the very fine dust with it. The coarser particles 
are carried by inertia into B, and settle in a random manner on the lower glass plate, D. The duct B 
is sufficiently long compared with its width to prevent turbulent gas movements reaching the glass 
plates, and the settled dust is therefore undisturbed. The mechanism of the dust sampling is discussed 


in Appendix I 
Parallel light from a lamp on the outside of the duct is directed by means of a system of lenses and 
Here, the light is focussed on to a 


prisms through the plate D and back to the outside of the duct 
The wedge has a 


cadmium sulphide photoconductor, after passing through an annular optical wedge 
linear density variation from 0 to 2 and can be rotated by means of a reversible electric motor so that 
the obscuration of the light beam can be varied. Light from the same lamp bulb also falls directly on 
to a second similar photoconductor, after passing through an iris diaphragm. The light falling on the 
two photoconductors allows a current to pass in each when a voltage is applied across them 

The optical wedge is used to make the current in the measuring photoconductor equal to the current 
in the other, first, before dust collects and secondly, after dust has collected for a predetermined time 
The amount of wedge movement required after the dust has collected is a measure of the collected 
dust 

The instrument normally collects dust for 15 minutes and then draws a line on the recorder chart 
proportional to the optical obscuration produced by the collected dust. However, experience in 
power stations has shown that at periods of peak load and when a fault exists, dust burdens more than 
100 times the normal dust burden may be encountered. In order to cope with these exceptional cir- 
cumstances, the instrument has been designed so that if enough dust has collected to give a full-scale 
reading the instrument immediately records a full-scale signal without waiting for the normal timing 
period to elapse. Thus, under conditions of heavy dust emission the instrument may record ten lines 
in the 15-minute period instead of one, and this extends the full-scale reading of the instrument by a 
factor of ten 

Under conditions where the usual rate of dust emission is exceptionally high, the overall sensitivity 
of the instrument may be reduced by fitting a cone to the sampling head, which has an entrance area 
which is a convenient fraction of the cross-sectional area of the horizontal duct 


3. PRINCIPLE OF THE LIGHT INTENSITY MEASUREMENT 

In order to measure the optical obscuration produced by the dust, the instrument in 
fact makes two measurements. It measures the light reaching the photocell at the 
beginning of the collecting period and it measures the light reaching the photocell at 
the end of the collecting period, and it is the difference between these two measure- 
ments which is recorded. It follows that any variations which affect the two readings 
equally are automatically cancelled out. Thus, the ageing of the lamp or photocell, 
changes of sensitivity due to changes of ambient temperature, the progressive dirtying 
of the optical system, and long-term changes in supply voltage do not produce errors 
in the measurement. Changes which take place during a particular measurement 


afi Crror al singie measuremen u O not SUDSequeT ecasure- 
roduce an error in that single m t but do not affect sub it measure 


ments. Such changes are minimized by using the second photocell differentially 


However, there is no attempt made to match the two photocells accurately 


4. CALIBRATION 
The instrument was calibrated by setting it up with the sampling duct facing into an 
8 inch diameter horizontal pipe from which air was flowing at a velocity which could 
be varied from 0-80 ft/sec. Weighed quantities of dust of various grades were intro- 
duced into the pipe through a funnel 15 diameters upstream from the instrument. 


Fig. 2 shows the linear response with dust concentration. Fig. 3, curve 3, shows the 


results obtained when dust samples separated according t 
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obscuration of the wedge varies logarithmically and exactly compensates (see Appen- 
dix II). This is desirable since when the dust particles produce nuisance they will be 
greatly diluted and the amount of mutual interference will be negligible 

It is essential to be able to relate the readings of the instrument (in | 
obscuration per minute) to the likelihood of nuisance. In the last resort this can on 
be done by experience or by the application of a reliable theory of plume rise and 


dust dispersion. This is not being attempted in the present paper. However, it is 


desirable to fix levels provisionally so that a standard exists which can be tested by 


experience The assumptions made below are necessarily crude and the figures which 


result are only stated to give the order of magnitude which appears likely 


MAXIMUM PERMISSIBLI 
ng assumptions have been made 
4 surface begins to appear dirty when 0-5 per cent is covered (CAREY, 1959) 
The dust moves with the plume and the worst effec ground level correspond 
to the dust being spaced over a plume cross-sectional area of 0 rh* where h 
chimney height. This expression is derived mm O. G. Sutton’s formula 
Paseous diffu 1On al d COTTCS nd 
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permissible for one relatively short period. This will be evaluated for the case 


h = 250 ft., A =50 sq. ft., n=1. 
For other cases the levels quoted below should be multiplied by 


(A/250)* x (50/ A) » n) 


Permissible Level Time of 

Persistence 

obscuration per minute 

5$0°,, obscuration per minute 

obscuration per minute } hr 

70°. obscuration per minute 5 min 
1350°,, obscuration per minute | min 
The maximum continuous level is 9°,,/min 


y stringent to have an alarm sounded when the level reached 


for instance, because emission could proceed at this level for 
causing nuisance. It is suggested that if a nuisance is likely to 
caused in 15 minutes, that is, when the level is 94 per cent per mint 
sounded Although the instrument normally operates only once 
_if the dust emission level reached 94 per cent per minute the 
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and then only when the dust grading is known. Fig. 3 (curve 3) gives the response of 
the instrument plotted against dust grading for 10 grains per ft® per minute (actual). 
Using this result, a conversion constant can be worked out for any grading. Table |! 
gives a comparison between a typical case and a case of fine dust, i.e. 10 grains/ft? min 
corresponds to 1-4°%, obscuration/min for average dust and 0-46°,, obscuration/min 
for fine dust. 

This implies that 1°, obscuration/min ~0-003 grains ft® (actual) for average dust 
when the duct velocity is 40 ft/sec. 

1% obscuration/min ~ 0-009 grains ft* (actual) for fine dust when the duct velocity 
is 40 ft/sec. 

It is of interest to consider whether the response of the instrument could have been 
calculated from existing theories of dust sampling. This has been done in Appendix 
I. It is quite clear that Davies (1954) theory for aspirated nozzles does not apply 
when extrapolated to zero aspiration rate except for very coarse particles. The same 
is true of BADZIOCH’s work and indeed he makes this point explicitly. 

It is clear that the sampling nozzle of the instrument has a zone of intense turbulence 
at the entrance. Particles penetrate this partly by inertia and partly by diffusion and 
the relative importance of the two varies with the terminal velocity of each particle. 
A complete theory would, of course, need to assess both effects simultaneously. 


6. EXPERIENCE IN POWER STATIONS 


A number of instruments have been installed in power stations, primarily to test 
and improve the serviceability of the instrument but, in addition, a limited amount of 


Adaptor to be fitted to Instrument Samplir 
up. (The adaptor is inverted for gas 
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In many cases the instrument can be installed in a horizontal duct, but in other cases 
it is only convenient to use a vertical duct with the gas flowing either upwards, as in 
the chimney, or downwards, as in the duct leading to the I.D. fan. In these cases, a 
modification to the sampling head as shown in Fig. 4 has been found to work satis- 


factorily without apparently changing the calibration of the instrument. 


On a number of occasions the instrument has been used to assess the effect of dif- 
ferent modifications of power station operation on dust emission. In this limited 
experience a change of boiler load appears to have the most dramatic effect on dust 
emission and an increase from 85 per cent full load to full load can increase the 
nuisance value of the dust emitted by a factor as much as 10. 

A change in the coarseness of grinding also has a marked effect and at one power 
Station when the mill classifier was by-passed the reading of the instrument increased 
by a factor of 2. It is of interest to record that the reading of an optical density type 
instrument did not change appreciably at the same time 

Although the instrument was designed primarily to measure dust emission, tests have 
been carried out at two oil burning stations to discover whether it would satisfactorily 
record the emission of acid smuts. It was found to be most successful and is being 
used to give immediate information of the dependence of acid smut emission on various 
operational changes in the power station. As a precaution, small heaters were added 
to the sampling head to minimize the risk of acid attack under these conditions 

A composite chart has been prepared (Fig. 5) to illustrate the kind of record pro- 
vided by the instrument. It shows the normal rise in emission as the load on the station 
reaches a peak at 8.30 a.m.; the effect of a fault in the classifying of the pulverised 
fuel at noon and the temporary breakdown of a precipitator at 3.40 p.n 
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APPENDIX I DEPENDENCE OF THE INSTRUMED 
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The terminal velocity of a particle, V, is given by 


gd*p 


3 
18 (9) 


: is the acceleration due to gravity, so that we rewrite P in terms of the terminal 


ity 


n nf 
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veloc 
p 
Hence from (1), 
( } 2V 
The amount sampled per unit area per sec 1s given by 
| eD 
(4V } 
In the case of the c ector box in the instrument 
0 
Hence the amount impled will be VC 
gD 
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The number of particles will be 


and the obscuration produced will be proportional to the area of the particles, that is, 
6n nd? 
4 


, the obscuration produced 


l 


+@Di(4V V.) 


l+eD(4V } 


Hence obscuration/sec ( (plotted as ¢ urve 2, 


Fig. 3) 
Ihe analysis given above will only apply if no dust leaves the collector box 


after it once enters. Particles <10 vel will have an increasing tendency to come to rest 
in the region of turbulence in the mouth of the collector box, and will have an increas- 
ing likelihood of escaping by diffusion. Under these diffusion dominated conditions 
it is unlikely that the concentration of dust inside the collector box would be greater 
than the concentration in the flue duct. If we make the assumption that the two con- 
centrations are equal and that dust reaches the glass plate by settlement from the 
dusty gas. Thenif the concentration is Z grams/cm* of dust of diameter d, the number 


of particles 
per 


The number which fall towards the glass plate ja Per cm*/sec The obscuring 


67} 
area of the fallen dust is 3 
But d 


gt 


Hence the obscuration produced = 150 Zy per second. 


But 


Hence obscuration per second = 150 vv (plotted as Curve 1) 
p18 


The two curves are shown plotted in Fig. 3 and compared with the measured result 


It is apparent that the first analysis given is valid for the coarsest particles, but the 
second analysis has more and more validity as the particle size falls. rue analysis 


must consider simultaneously the effects of inertia and diffusion « 
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APPENDIX II CALCULATION OF RESPONSE OF RECORDER 
AND COUNTER 


As the optical wedge is turned from density 0 to density 2 it emits 216 pulses. Hence 


; density at any point P pulses from density 0. i.e. 


I, P 
/ 1O8 


10 


and / the final light intensity. If dust with a total cross sectional 
sa A, the fraction of light transmitted will be 
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THE IMPROVEMENT OF EFFICIENCY OF FIBROUS 
DIELECTRIC FILTERS BY APPLICATION OF AN 
EXTERNAL ELECTRIC FIELD 


ViTEZSLAV HAVLiCEK 
Prague 
Abstract—When an external electric field is applied to a fibrous dielectric air filter both the filter and 
aerosol are polarized. The dependence of the particulate collection efficiency of the filter is considered 
for different orientations of the electric field with respect to the direction of alr flow The electric 
field exerts its greatest influence when parallel with the flow and high filtration efficiencies may then be 
obtained at relatively high flow rates 
A method based on the Weierstrass’ Sigma, Zeta and ~P functions is used to derive equat 


magnitude of the forces exerted between the aerosol particles and the fibres of the filter 


INTRODUCTION 


WHEN an external electric field is applied to a dielectric fibrous filter through which an 
aerosol is passing both particles and sheet are polarized and attractive forces are 
generated which add to the collection efficiency due to other mechanisms. In this 
paper the fibres are considered to be arranged randomly in parallel planes normal to 
the gas stream but the conclusions derived for this type of distribution are also valid 
to some extent for a randomly oriented system of fibres 

The angle between the general direction of the electric field and the gas flow in- 


fluences the collection efficiency and we consider the two extreme cases; firstly, where 


the field and flow are perpendicular and secondly where they are parallel 


ywrresponds to the first case. (1) and (2) are cross-sections tl 

rod electrodes The gas flows in the direction (3), normal 
direction (4). The idealized structure of the fibrous material is shown 
numbers (1) to (4) have the same meaning; 


are shown marked on tl 


have the greatest influe 
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Fic. 2. Idealized structure of the fibrous filter. Field and flow perpendicular 


Re-orientation of the electric field to obtain coincidence of gradient maxima with 
velocity minima will reduce the possibility of re-entrainment and provide conditions 
for the full assertion of the electric forces. This is the second extreme case, in which 


the electric field and gas flow are parallel, and is shown in Figs. 3 and 4 where the 


numbers 1—5 have the same meaning as in Figs. | and 2. The electrodes now consist 


of two plane parallel wire meshes of negligible resistance to air flow 


Field and flow paralle 


lue of the electric gradient is now attainable because a more even 
be applied between the mesh electrodes than between the rods and since, as 
ll be shown late > electric forces in the channels of the sheet increase approxi- 


y as the second power of the gradient, the efficiency of the mesh arrangement is 
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EXPERIMENTS 
The preceding considerations were put to a preliminary test by measurements of 
collection efficiencies and pressure drop. The experimental layout is shown in Fig. 5. 
The aerosol was generated by atomising an aqueous 1%, solution of potassium 


Fic. § Arrangement for measuring the collection efficiency 


dichromate from the nebulizer 1, evaporating the droplets and diluting in a mixing 


chamber 2. The particulate loading was 3 x 10-* g/cm*. The parameters of the distri- 
bution of the aerosol particles found by microscopical methods are shown in the 
first three columns of Table 1. ¢, denotes the middle value of the particle diameters 
and k the percentage number of particles. Both are for the diameter interval 4¢i. 


TABLE | 


0:7 
14 0-3 99 


After leaving the chamber the aerosol, exhausted by the vacuum cleaner 3, entered 
the P.V.C. test pipeline 4, containing the filter pad in the form of a disk 17 cm diameter 
and consisting of basaltic fibres of about 3 » diameter. The thickness of the pad 
was 2 cm before packing, whilst for the test the compression was adjusted by three 
springs (6) to 11-75 g/cm* under which conditions the pad was | cm thick and the 
density was 0-16 g/cm*. Electrodes (7) cut from fine wire net, were placed on the 
faces of the disk, the edges of the mesh in contact with metal rings (8) covered with 
P.V.C. insulating rings (9) so that the influence of sharp edges on the decrease of the 
value of the electric strength (about 27 kV/cm, D.C.) of the fibrous pad was sup- 


pressed; the applied voltage during test was 10 kV/cm, D.C. The faces of the disk 
were reinforced by the P.V.C. insulating grid (10). The aerosol velocity was measured 
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by the orifice plate (11) and manometer (12) and the pressure drop across the filter 
anometer (13). To determine the collection efficiency, that is to determine 
th f particles in front of and behind the filter, two isokinetic sampling 
taps (14) were branched off and samples of aerosol drawn off by the oil pump (15). 


was measured by flowmeters (16) and adjusted by air inlets (17) 
narticl 


DaPrlicies 


le concentration 


fhe ft 
iti 


tap 


of both neat and filtered clouds were sampled with 99-7 
nd were dissolved in two electric impingers (18) which wer 
[he potential applied to the electrode 
and the electrode 


yne-absorbers (19) 
lO kV d.c current was measured by micro- 


weights of diluted particles in the liquid impingers after addition 
liphe 


nylcarbazide of phthalic acid were estimated by 
was about 10-* g 25 cm* water 


he values of efficiencies and pressure 


ghts of particles sampled in a series of time intervals 
heet At tl 
was not determinable but efficiency was always 
possible to weigh the larg 
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as the number of intervals i=a 5, in our case | +6, are 68 per cent and 82 per cent 
respectively (velocity at the filter face about 5 cm/s). These values are analogous to 
the measured values 55 per cent and 99-98 per cent for parallel fluxes (velocity at the 
filter face 20 cm/s). It was possible to use the above equation by the free assumption 
that the aerosol we have used, with a Known particle distribution related to the 
number of particles, did not differ greatly from the aerosol used in the other case (1), 
with the particle distribution unknown to the author. In the equation, the known 
distribution related to the number of particles is transformed in the distribution related 
to the weight of the particles; this is because of defficiencies relative to the particles’ 
weight. The particles are assumed to be spherical. 

From this comparison the significance of employing the same direction of gas flow 
and electric field is obvious 


THEORY 
The values of forces F, in the channels of the dielectric fibrous medium exerted 
between the aerosol particle and the system of fibres, when both polarized by an 
external field, will now be derived from the general equation (BECKER, 1941). 
16 +2 q (I) 
¢ denotes the diameter of the particle assumed to be spherical, e, its dielectric constant, 
E the vector of the field intensity at the place of the particle’s position and gq the electric 
charge on the particle besides the dipole charge due to the polarization. We shall 


assume g=0. To deduce the concrete terms for F we proceed as follows: In the 
idealized structure of the fibrous medium the cylindrical fibres are assumed to be 
parallel and their lengths infinite, so that the polarized structure can be substituted 
approximately by a double grid of dipole line-sources. The distribution of the 


intensity E in this grid is derived from the known potential distribution in a double 
grid of lines with unipolar charges (OBERHETTINGER-MAGNUS, 1949), given by 
Log v;(2), (2) 
where c and c’ are constants and $, the quasi doubly-periodic Theta-function of the 
complex variable z which depends on the position of the particle in the channel. The 
procedure to get the final results can be simplified by use of the Weierstrass Sigma- 
function o(z) instead of %,(z), respecting the distinctions between them. Both are 
related together by 
(z) 
where c’’ and c’” are other constants. Then 
Log 9, (z) = Log c” + Log o(z) 

so that in the first derivative of the last term the difference between Log $,(z) and 
Log o(z) will partly go over into the constants, which are determined according to the 
boundary conditions of the applied electric field. In the second derivative, the dif- 
ference disappears entirely 

The first derivative of Log o(z) taken in the direction of the applied field corresponds 


again to the potential distribution of the double grid but with dipole line-sources, which 
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a good approximate substitute for a grid formed by cylindrical fibres polarized by 
the field between two parallel plane electrodes placed parallel to the fibres 
d og ot } 
d 

rstrass Zeta-function. The complete complex potential 

potential of an imaginary field E,, which ts correlate 

on the electrodes, and of the grid potential C . {(z) 
E. Cl(z) 
constant C and 


yuble grid of the dipole line-sources 1s the 


he elliptic doubly-periodic 


uct E E* will be obtained transforming the term for E£* 


where the value E adjacent to E* ts given at once 


given by the partial deri- 


tions for the radial and azimuthal 


outlined procedures are carried 


POTENTIAL DISTRIBUTION IN A DOUBLE GRID 
WITH DIPOLE LINE SOURCES 
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FIG Cross-section through the double grid of lines 


Ihe centre of the hexagon corresponds to the term — of the series (4). The values of 


m,n, w and of the coefficient ~ obtained from (4), are in Table 2 


TABLE 


t neglected members corresponding to the next hexagons 
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Substituting them in series the (4) gives 


l 
{(z) 


(b) Determination of the constant ¢ 


For the potential on the surface of the fibre it is sufficient to take the term — only 


because of rapid convergency of (6). For p=4R, where R denotes the radius of the 
fibre, the error is 1-5 percent. For this reason the term for a complex potential on the 
surface of a single cylindrical fibre is used for the evaluation of ¢ 


where «, is the dielectric constant of the fibre. The function ((z) corresponds to the 


member — cos¢ of the term for the real potential of a charged single cylinder 


In polar coordinates it is 


(c) Determination of the value of the imaginary field E, 

Because of the fixed potential difference V on the electrodes but not because of 
their fixed charge, it is not possible to superimpose the field of the grid with the 
external field E,’ = V/L between the plane electrodes at a distance L, created in the 
absence of the grid. Thus £, must be determined according to the fixed value of } 
Substituting 

np Zi; (3) 
gives 


R*nn, (9) 


where » is a number the function ((z) always adds for each next period of In (8) 


¢ vanishes because the difference on the electrodes 


From (8) and (9) 


As concerning the value of » we have, 


(11) 


where the right side is the first term in the expansion close to the origin of the coordinate 


system. Hence, the expansion of 


(12) 
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begins with the same term — as ((z) does and the two functions, (11) and (12) have the 


Same residues at the pole as at the origin. From the quasi-periodicity of the two 
functions then it follows that they have the same residues at all poles and are therefore 
identical 


If now z increases to z +«, we have 


The right side of this equation is equal to 
+7 
On the left side, after multiplication, we have 
(13) 


and since the argument changes by a’, the function changes by 7’, which means the 


left hand side of the equation changes by e**' *n’. And because the right hand side 
changes by », 
(14) 


Substituting (13) and (14) in the Legendre formula 


and introducing the Euler relation 


sin Zz 


FIELD INTENSITY DISTRIBUTION IN THE DOUBLE GRID 


OF DIPOLE LINES AND THE EVALUATION OF 9 | / 


As a consequence ofl the relations between Weierstrass’ functions 
derivative of the potential function, it 1s simple to write the equation for the conjugate 


intensity vector 


> By 
E* | Ez 


Transformation into polar coordinates giv 


The multiplication E E*, expansion of p(z 


introducing +<¢ nd. gives 
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In Table 3 are given, as an example, the magnitudes in dynes of 


ponents of forces calculated for particle positions G H, I, K (Fig 
R=1p, p=4p 5, =4, 1 V=10k\ 
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Abstract—The irradiation of atmospheric samples of air with ultraviolet light produces oxidants when 
hydrocarbons and nitrogen d le are present and thus permits a measurement of the smog-forming 
potent f the air 
A new high irradiatior t ty chamber g fMuorescent traviolet lamps has been developed 
Data are given for the irradiatior f some hvdrocarbor n air in the presence of trogen dioxide 
Some dat re also given for atmospher amp 
The pert ince of the new ch der compared to that of the fhilty-liter chambers which have deen 
in use the past The chambx me eight liter Power required has bec j f, 600 
watt rit ter er t OU watts. Uxidant lieve juced at the p g rate on 
atmosphe mple e apr ximately equivalent to the lev produced in the f ter chamber 
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4000-6000 


le the current of the 400 watt lamp is higher by a factor ol 
ultraviolet is only increased by a factor of approximately 24 


lamps is not high because of 


flask walls and limitations in reflector design. . Higher efh 


ids 


the chamber for the 400 w: 


a cylindrical chamber and parallel cylindrical lamps 


[he first was a pyrex cylindrical 
in the chamber. Multiple 
sidence time The second 

a metal housing with 
The internal housing 
ency was attained with the 


ered advantages in ease of 
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TABLE LIGHT OUTP N WATTS 
Middle U.V Near U.V Visible 
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Some data from experimental chambers with internal bulbs bear on the reaction 


of hydrocarbons to produce oxidant and are also given here. A chamber of the second 


type was designed for practical use in air monitoring service. A drawing of this 


chamber is shown in Fig. | and data are given for its irradiation characteristics and 


performance as compared to the fifty-liter flask chamber which has been in general use 


EXPERIMENTAI 


Reflector Efficiency 

The significance of reflector efficiency and of wall temperature and area was studied 
with tubular chambers 4 feet long and 80 mm in diameter. Lamps were mounted 
axially in each chamber 

In these experiments aluminium foil and silver mirror coatings were studied 
Aluminium foil was placed first on the outer wall surface and then as a chamber liner 
on the inner wall surface. The silver mirror coating was formed on the outer wall 
2.9 


surface. Data for oxidant concentration reached at a standard flow rate of 3 


liters/minute are given in Table 2 


Tasie 2 EFFECT OF REFLECTORS ON CHAMBER EFFICIENCY 


Date Reflector Oxidant Produced 
(PPHM) 


Al foil outside 35 


inside 


Al foil outside 5 


inside 37 


Al foil outside 
None 


Al foil outside 


Silver mirror outside 


Note: (Data are for a mixture in air of Isobutylene 4 p.p.m. and NO, | p.p.n 


These data show that polished aluminium foil is a practical reflector for ultraviolet 
and that absorption of ultraviolet in the pyrex wall of the cylinder is not significant 
There is a seven-fold increase in oxidant level for the aluminium reflective surface 


compared with the uncoated glass 


Irradiation Efficienc) 

Studies of irradiation efficiency were made with |, 2, 3 and 4 80 mn 
series to determine optimum chamber volume and residence time. Flow « 
the chamber is not linear. The residence time given tn the tables ts actual 
dividing the chamber volume by the flow rate and represents aver 
irradiation. Data are given in Table 3 

It will be noted for the second chamber the efficiency ts comparab 
first, but for the third and fourth chambers, the efficiency falls off 


efficiency is not due to depletion of the raw material or to the attainm 
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brium between the reacting compounds and their products of reaction, since when the 
flow rate is reduced so as to double the residence time, a higher level of oxidant is 
dev eloped 


TABLE 3 IRRADIATION EFFICIENCY FOR CHAMBERS IN SERIES 


Isobutylene 4 p.p.m Normal flow 
Butene 4 p.p.m 80 mm chamber residence 
NO, 1 p.p.m 
Net 
Hydrocarbon No Residence Oxidant Oxidant 


Chambers Time p.p.h.m Increase 


15 15 
35 
45 


Butene 


Internal Lamps 
srobably indicate high decomposition rates at the relatively hot 
a relatively high surface-to-volume ratio with internally mounted 
it is obvious that light reflection will be optimum when the lamp is 
chamber, it was considered important to study irradiation 


ency with externally mounted lamps 


In this experiment, the chamber was placed in a tubular housing and located axially 


Tubes were mounted near the housing wall and spaced evenly. Data are given in 


Tabl for eriments with this configuration and for internally mounted lamps 


Rm CHAMBERS WITH 


LAMPS 


reached in 1-8 min. in one 80 mm chamber was 


9 p.p.m. was reached in 12 minutes 1n the fifty-liter ¢ 


Date 
2/12 Isobutylene 1-5 min 
2 30 
4-5 
4 6-0 50 
4 12-0 62 
2,12 1-5 10 10 
2 3-0 21 11 
4-5 27 6 
4 60 3] 4 
External Lamps 
The above d 1 
bulb surface ar 
bulbs. While 
mounted insid 
efficier 
TABLE 4. IRRADIATION EFFICIENCY DATA FORE 
NTERNA LAMPS AND EXTERNA 
Re dence T imme 
Date Chamber Hydrocart« Oxidant Mi 
; 4 x te il Dutene 21 
mps 9” hi ng 
80 mm chambers butene 
outene 29 2 
Butene at approx 4 p.p.m., NO, at approx. | p.p.t 
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A single chamber with external lamps proved to be more efficient than three chambers 
in series with internal lamps. Experiments with a 100 mm chamber showed that 
increasing chamber volume by 30 per cent produced a 20 per cent increase in oxidant 
level at standard flow rate 

It is apparent that further increase in diameter to increase residence time will have 
diminishing value in increasing oxidant concentration. The 100 mm chamber was 
therefore adopted for the design of a practical irradiation chamber and housing 


Irradiation Intensity 

Comparative light intensity data have been obtained for the fifty-liter flask : 
single 100 mm chamber irradiated by four external lamps spaced evenl 
housing 

A barrier layer photocell with a filter passing ultraviolet light in the band from 3000 
to 4000 Angstrom, was used to measure intensity. Measurements were made at points 
around the circumference of the chamber on the radius common to the chamber 
cylinder and the lamp and on the radius between lamps. The intensity at the axis cf the 
chamber was also determined. Little difference was observed in the intensity values 
for the four lamps. Data therefore are given as an average of four readings between 
lamps and on the radii to the lamps. Three series of measurements were made, one 
6 in. from the top of each chamber, one at the midpoint and one 6 in. from the 


bottom. The data are given in Table 5 


TABLE 5 V. LIGHT INTENSITY DATA FOR TWO CHAMBERS 


Radiation intensity in » amps output of photocell 


Chamber Center Radius to lamp Radius between lamps 


100 mm tube 
6 in. from bottom 
Midpoint 


6 in. [rom top 


50-liter flask 
6 in. from bottom 
Midpoint 


6 in. from top 


Measurements of the intensity of direct sunlight at noon in Los Angeles during the 
first week of March with the same equipment gave photocell currents from 95 to 104 
amps. The average intensity is approximately 20 per cent higher than the average 
intensity in the fifty-liter flask. 


The difference in light intensity for the various locations in each cham 


great. Data are not precise enough to warrant rigorous mathematical treatment to 


obtain a mean value of intensity. However, the intensity in the small chamber appears 
to be 4 to 5 times that measured in the fifty-liter chamber. Data for oxidant concentra- 


tion show that the residence time in the fifty-liter flask is 5 to 6 times t n 


the 100 mm chamber for equivalent oxidant levels 


1 
300 400 380 
S00 SOO 400 
a 400 400 400 
60 71 67 
90 92 82 
a 90 85 80 
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Hydrocarbon Structure Versus Oxidant Production 


Data for some representative hydrocarbons and for exhaust gas mixtures 


rradiated 
various chambers are given in Table 6 


in tf 


(OXIDANT VALUES POR VARIOUS HYDROCARBONS 


IRRADIATED IN THREE CHAMBERS 


from Various Chambers with Residence Time as Shows 
100 n 100 mn $0-liter 4-80 mm 


2-6 min 12 min 6 min 


13 


ire in the 100 mm chamber at 20 per cent increase in resi 


Hydrocarbons at approximately 4 p.p.m., NO, at approxi 


ut the role of temperature in the two chambers. Heat input to 
cylindrical char r is much 


h lower and convection cooling much more effective 
because of the 


vertical length of the chamber. Lower residence time is also a 


in reducing decomposition of ozone on the chamber walls 


peak in the oxidant level when a given mixture of olefin and 


air flows continuously through the 100 mm chamber at constant 
rate during the warm 


nitrogen dioxide 


up period after ultraviolet lamps are turned on. The fifty-liter 


flask shows a marked peak at about 30 min after lights are turned on 


The drop in 


Irradiation efficiency vs. time auto exhaust NO, 


TABLE ¢ 
Acety 37 sO 
lsoocta SO 3? 48 
Dissol SO 65 
Butad 100 $2 SO 
38 44 
Exhaust + NO, * 4s S4 
isovdutyien 18 17 
mate p.p.n 
aco, 
There is no 
4 
> 
4 
; 
Fr 
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oxidant level after 30 min, observed for the sample irradiated in the fifty-liter flask, 
appears to be caused by the increase in temperature of the chamber walls. 

Curves for the two chambers operating on a mixture of exhaust gas and nitrogen 
dioxide in air are shown in Fig. 2. It should be noted that in continuous service the 
fifty-liter chamber will operate at the lower efficiency. 

It will be noted that the relatively active olefins such as butadiene and diisobutylene 
show equivalent or higher oxidant values compared to those obtained in the fifty-liter 
flask. The less reactive hydrocarbons show relatively less oxidant for the small 
chamber. These data show that the measurement of oxidant concentration, either 
direct or after irradiation, is an empirical measurement which includes the contribu- 
tion of saturated, as well as, unsaturated hydrocarbons. 

The cylindrical chamber in practical use will tend to magnify the contribution of 
reactive hydrocarbons to the oxidant levels in the atmosphere, compared with the 
present fifty-liter chamber 

The data thus far presented have been recorded by an oxidant recorder of the type 
introduced by LITTMAN and BENOLIEL (1953). The accuracy in making comparison 
between chambers was limited by the regulation of input mixture to the chamber and 
by the liquid flow rate and air sample flow rate regulation of the instrument. It is not 
considered to be better than + 10 per cent 


Chamber Efficiency Studies with Manual Sampling 
Some data have been obtained by sampling manually from the same mixture 


simultaneously through the two chambers and by determining oxidant colorimetrically 


with two reagents, potassium iodide and phenolphthalin. 

It is possible to measure sample volumes more accurately with manual sampling, 
and if the mixtures to be irradiated can be maintained at constant composition, the 
performance of the chambers can be more accurately compared. 
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Fic. 5 Irradiation of atmospheric air sample flow 4L per min. Phenolphthalin reagent 


gas in turn was then reduced stepwise in a measured percentage and the percentage 


change in oxidant level was determined 

Curves are given in Fig. 6 for the percentage change in oxidant versus the per cent 
change of nitrogen dioxide and of | pentene. 

These data show that the residual oxidant formation from nitrogen dioxide alone 
in the absence of olefin is approximately 45 per cent of the oxidant level at 4 p.p.m. 
olefin. Ten per cent reduction in either component is not shown by these data to 


reduce the oxidant level 


245 
VOL. 
4 
Fic. 6. The eff 


Rosert R. Austin, Rocer W. Lewis and RALPH DONALDSON, Jr 


SUMMARY AND CONCLUSIONS 


A new atmosphere irradiation chamber has been developed and performance 
studies made. This 100 mm cylindrical pyrex chamber is irradiated by four 40 watt 
48 in. tubular fluorescent ultraviolet lamps. Performance studies show that oxidant 
levels for representative olefins for auto exhaust samples in air and for atmospheric 
samples are equivalent for this chamber to oxidant levels produced in the fifty-liter 


flask which has been in use. The new chamber operates on 160 watts power and pro- 


vides, at 3-7 L/minute 2-6 minutes residence time, as compared to 1600 watts power 
and 12 minutes residence time of the fifty-liter chamber 

Data in this study also show that saturated hydrocarbons can contribute to oxidant 
values in irradiated mixtures of hydrocarbons and nitrogen dioxide in ait 

The shorter irradiation time required in the small chamber will show concentration 
values for irradiated samples very little displaced in time from corresponding values 


for direct atmospheric samples 
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INTRODUCTION 


[HE relative fluoride pollution intensity at different distances and dire 
source of a fluoride-containing effluent may be established by analyzing lime-treated 
filter papers which have been exposed in the area of contaminatior [he method ts 
predicated on the assumption that the gaseous fluorides will react with and be fixed by 
the lime at some rate which is related to the atmospheric concentration of fluorides 

Ihe limed paper survey technique involves the simple and inexpensive expedient of 
exposing lime-impregnated filter papers in protective shelters designed to permit 
adequate air circulation. The usual exposure period is either one calendar month or 
28 days. At the end of the exposure period the papers are then exchanged for fresh 
papers, the fluorine content of the exposed papers chemically determined and the data 
reported in terms of micrograms per square decimeter of exposed surface of the treated 
paper per unit time for each sampling site. The limed paper fluoride level found at 
each site for each sampling period ts an index of the degree of fluoride exposure in the 
vicinity of each sampling site 

Although this survey method has been widely used in many areas in the United 
States during the past ten years, limited data of this type has been reported in the 
literature (ADAMS, 1957; McINTIRE, ef a/., 1956; MULLER, ef a/., 1953; and Rosin- 
SON, 1957). This dearth of information may be attributed to the natur 
that of routine surveillance of suspected areas of pollution. Compilat 
data are not generally submitted for publicatio: 
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from plastic clothes pins in a phytotron plant growth chamber. These papers were not 
enclosed in a shelter as would be necessary for outdoor exposure 

The chamber in which the filter papers were exposed had the interior dimensions 
of 84 ft. x 5 ft. x 74 ft. Hydrogen fluoride was introduced into the incoming air duct 
from a fumigator system similar to that described by HILt et al. (1958). The fluoride- 
containing air stream is then divided into two ducts and each stream passes through a 
ceiling diffuser grille into a 42-5 ft.* air space above the chamber. The ceiling of the 
chamber (the floor of the air space) consists of a perforated masonite (peg board) panel 
which further diffuses the incoming air into the growth area. The air flow rate in the 
vicinity of the suspended limed papers was approximately 25 lineal ft. per minute 
(0-3 m.p.h.). This air flow rate remained constant throughout these studies 

The light intensity at the level of the limed papers was approximately 1500 foot- 
candles. The light source was comprised of twelve 8 ft, 200 watt VHO fluorescent 
lamps and six 60 watt incandescent bulbs. The on-off cycle of the lights was auto- 
matically controlled by a time clock to yield a daily photoperiod of 13 hours duration. 
The incoming air conditioning unit controlled the air temperature at 10° C + 2° for 
the nectoperiod and 30° C+2° for the photoperiod. The relative humidity was 
42 and 74 respectively 

Continuous air samples were obtained by withdrawing room air at the approximate 
rate of | ft?/min through distilled water in a fritted glass absorption system (ADAMS 

The air sample inlet was placed in the immediate vicinity of the sus- 

pended limed papers. The scrubbing solutions were collected twice daily and titrated 
with thorium nitrate using Alizarin Red S as indicator (ADAMs and Koppe, 1956 and 
SMITH and GARDNER, 1950). The atmospheric fluoride concentration for each samp- 
ling period was calculated from the total micrograms of fluoride collected and the 
total volume of air samples as measured with a dry test flow meter. The results were 
expressed as pg of fluoride per m* of air 

At the end of each lime paper exposure period, the papers were ren 


fumigation chamber, dried for 24 hours at 70° C, weighed, ashed, and dist 
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between the exposure indexes and the fluoride accumulated in the lime papers. The 
curvilinear relationship showed a significant improvement over the linear relationship 
between the variables, as indicated by the obtained “ F " value of 14-99. A logarith 
mic relationship was not observed 

The correlation between the fluoride accumulated by the lime papers and the ex- 
posure indexes is quite high as indicated by the linear and curvilinear r values of 
+0-946 and +0-969. These r values are well in excess of the 0-549 required for 

nificance at the per cent probability level These results are summarized in 


and 2 and are graphically presented in Fig. | 
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TABLE | FILTER PAPER TE ATA 
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collection rates, i.e. 3-6 as compared with 7-6-8-2, might possibly result from a spatial 
relationship which may have existed between the location of exposed filter paper and 
the nearly point source from which the air samples were obtained in the determination 
of the air concentration data. No air samples were obtained which related the actual 
air concentration at the filter paper exposure positions, although it was reported that 
air samples were independently obtained prior to the exposure of the filter papers 
indicating that the concentration of fluoride at the greenhouse inlet and outlet were 
comparable (ROBINSON, 1960). No information is available concerning the compara- 
tive density of growing vegetation in the greenhouse during these two samplings 
Dense growing vegetation within the greenhouse could conceivably produce a de- 
crease in the atmospheric fluoride concentration from one end of the greenhouse to 
the other. Although this may seem doubtful at first glance, marked differences in the 
foliar fluoride content of greenhouse roses related to the spatial location of the bushes 
sampled with respect to the alleged source of fluoric contamination have been dis 
covered by the author. HI Lt ef al. (1959) also suggests that “ abundant vegetation in 
a chamber may result in differences in the fluoride content of the air in different parts 
of the chamber’. Tables 4 and 5 give data obtained by the author which relates the 


TABLe 4 RELATIONSHIP OF SAMPLE LOCATION TO 
POLIAR FLUORIDE CONCENTRATION 
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foliar fluoride content (p.p.m. F~ on a dry wt. basis) of rose leaves of equivalent age 
and exposed limed filter paper taken from adjacent, interconnected greenhouses with 
the direction away from the primary alleged source of fluoride located some 3-4 miles 
away. Adsorption and reaction with the interior greenhouse surfaces also undoubtedly 
play a significant role in the observed decrease in concentration of atmospheric 
fluoride through the greenhouse 

Although no air concentration data is directly available to substantiate this rather 
striking reduction of the foliar and limed paper fluoride level with distance away from 
the source within the large greenhouse (Table 4), the data indicate that a relatively 
heavy growth of vegetation and expanse of wall area will effectively remove soluble 
gaseous air pollutants such as fluoride from a moving flow of air. The air flow 
through ROBINSON’S greenhouse was reported to be 3 m.p.h., a rate undoubtedly 
greater than that existing in the greenhouses reported in Table 4. The more rapidly 
moving air would certainly tend to minimize differences between incoming and out- 
going atmospheric fluoride levels, although one is unable to establish the presence or 
absence of a concentration gradient in this particular instance with the existing data. 

Thus, in the absence of evidence to the contrary, one may at least speculate that the 
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CONCLUSIONS 

Based on the data thus far reported by the various investigators, the lime paper 
technique may be used with reliability and low cost (a) to delineate areas of fluoride 
pollution (6) to determine the relative intensity of pollution between exposure sites 
within a given area, (c) to reflect changes in pollution intensity which may occur as the 
result of installation of fluoride fume controls at a source, or (d) to indicate the relative 
contribution of a newly established source of fluoride contamination. 

Success in the application of this method will be dependent upon (i) exposing the 
limed papers in adequate shelters to protect them from rain-leaching or extraneous 
deposits, (ii) using lime suspension below 10 g/l CaO to prevent flaking off of lime 
during exposure, (iii) selecting exposure sites according to the best known and pub- 
lished site selection criteria, and (iv) having an adequate number of exposure sites to 
represent the study area. 
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BACTERIAL INDICATORS OF POLLUTION IN 
HOUSEHOLD WELL WATERS* 


F. ROSENBERG, N. Donpero and H. HEUKELEKIAN 


VARIATIONS IN COUNTS OF COLIFORMS, ESCHERICHIA 
AEROBACTER AND ENTEROCOCCUS OVER A YEAR 


NDIVIDUAL household well waters are used as a source of drinking water by approxi- 


mately 47 million people. The fact that treatment and quality control of these waters 
is restricted by lack of satisfactory low-cost equipment raises the question of whether 
it is feasible to maintain standards developed for the control of bacteriological quality 
of municipal water supplies 
Since the coliform test, which is generally used in the bacteriological analysis of 
community drinking water supplies, has certain limitations in evaluating recent fecal 
pollution, it is questionable as to whether it should be directly applied to the well 
water supplies of individual households. Although there has been considerable interest 
in the establishment of a procedure in which an organism of fecal origin would be used 
as an indicator of pollution, such a procedure has been complicated by problems in 
isolation, as well as by the limited presence of a number of these organisms outside 
the body. Of the organisms under consideration, Escherichia coli and the enterococcus 
group have been the most promising. Both are of intestinal origin and do not appear 
to proliferate outside their normal environment. The development of new techniques, 
such as membrane filtration, has decreased the time required for their isolation and 
has led to numerous comparative studies of their occurrence in polluted waters of 
various origins. However, the estimation of similarities and differences of numbers 
and occurrence of these indicator organisms in regard to pollution in well waters has 
been limited and generally confined to studies of short duration 
The. present study was initiated to determine the relationship between these 

organisms throughout a year, and to ascertain whether a relationship exists between 
Escherichia, enterococci, Aerobacter, and coliforms as determined by the five-tube 
dilution standard method and the following factors 

precipitation 

the presence of amionic detergents in the water 

depth and temperature of the well water, 


type and construction of the well 


Wei 
In the first of two surveys basic data was collected from two wells, each of which 
served a single family from January to December 1959; a third well was added to the 
study in May 1959 and was sampled until January 1960. A second survey studied a 
community of 100 wells in Middlebush, New Jersey; it was undertaken in March 1959 
and again in August of the same year; results of this second study will be reported in 


a suDsequcnt paper 
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From an extensive preliminary study of wells in the Middlebush and North Bruns- 
wick, N.J. areas, two wells, located in different strata, which had shown pollution over 
a period of time were chosen. The first, an unlined dug well, slightly over 13 feet deep 
and located in unconsolidated clayey sand will be designated by the letter (V). A tile 
pipe, 6 inches in diameter, extended | foot above the ground, its opening protected by 
a large tincan. Behind the house and some 50 feet north of the well was a septic tank, 
the drainage field of which extended away from the well in a northeasterly direction. 

The second, a drilled well, 175 feet deep and located in a red shale formation, will 
be designated by the letter (B). A pump, supplying a 120-gallon pressure tank was 
directly over the well in the cellar. The 6-inch casing pipe projected about 6 inches 
above the bottom of a 3-foot square sump, the latter covered by a concrete slab 
Although earlier studies had been made on this well by VoeLKer (1953), it is no 
longer possible, since the casing is now sealed, to obtain temperature or depth 
measurements. The septic tank was 50 feet west of the well and drainage from the 
tank was in a northwesterly direction away from the well 

An artesian well which previous studies had shown free of pollution, was also 
studied. This well (designated (C)) was 75 feet deep and in a shale formation 
Study of this well was continued in order to determine whether seasonal variations 
in the number of pollution indicator organisms would occur in a “ clean ”’ well 

At the (V) and (C) wells samples were taken in sterile bottles from kitchen taps, 
and at the (B) well from an outside tap. Temperature and rainfall data were obtained 
from the monthly United States Weather Bureau reports at New Brunswick. Well 
temperature readings were made with a thermometer on samples brought to the surface 
in a metal container. Depth of the water surface was determined by lowering a con- 
ductivity device (VOELKER, 1953) 


Bacteriological Methods 

Well water samples were analyzed for the presence of coliforms, enterococci, and 
anionic detergents. Bacteriological analyses were initiated within 3 hours after col- 
lection. Coliform analyses were performed according to the procedures described in 
STANDARD MetuHops (1955). In the presumptive test five 10-ml, five 1-0-ml, five 
0-1 ml and five 0-01-ml portions were planted in lactose broth and incubated at 37° C 
for 48 hours. In all cases where gas production occurred within this period, !-ml 
portions were transferred to brilliant green bile broth. Evidence of gas formation 
within 48 hours at 37° C verified the presence of coliforms. The Most Probable 
Number of coliform organisms per 100 ml was obtained from the (MPN) table given 
in STANDARD MeTHops (1955). 

The membrane filter technique FLYNN et a/. (1958) was used in conjunction with the 
MPN test in order to: (1) correlate results of the two methods, and (2) determine the 
number of Escherichia and Aerobacter organisms present in the sample. Enterococcus 
determinations were performed solely by means of the membrane filter technique. 
Membrane culture media were obtained from Baltimore Biological Laboratories 

One hundred ml, 10-ml, 1-ml, and 0-1-ml portions were filtered, the initial one with- 


out dilution, the others brought up to 100-ml volume with sterile buffer prior to 


filtration. Filter membranes were incubated 2 hours at 37° C on pads saturated with 
M-EHC enrichment broth, after which they were transferred to pads with B-EMB 
broth and incubated for 18 to 20 hours more 
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ion of enterococci, membranes after filtration of various volumes 
initially incubated at 37° C on absorbent pads containing dextrose 


the membranes were transferred to pads containing sterile 


enterococcus broth, to which 0-01 per cent previously sterilized triphenyl 


chloride had been added aseptically, and reincubated for an additional 


maintained throughout all incubations by wrapping the petri 
and placing trays of water in the incubator 
membranes were examined with a dissecting microscope at mag- 
1Ox-60x. Colonies of Aerobacter appeared mucoid and orange- 
hey were 4-6 mm in diameter, raised, and convex 
on the other hand, were almost always smaller than those of 
almost black, centers, and manipulation of the petri 
revealed a greenish metallic sheen 
nies appeared either glistening, dark red with a pink peri- 
‘lor with a rather flat appearance, in agreement with the 
and BarTLey (1957) 


irty-two colonies which showed typical Escherichia coli 
e filters, as described above, were collected over a period of 
ility to utilize citrate as a sole source of carbon. Escherichia 
lonies of which may be confused with E. coli, are generally 
those bacteria utilize citrate as a sole carbon source whereas 
es were picked to tubes of Koser’s citrate medium. Cultures 


cubation at 37° C for 36 hours were considered as having 


nples of soil obtained from the vicinity of the wells, septic tanks 
re analyzed to determine the presence of enterococci, Escherichia 
s of 16 g to 60 g of soil were taken at various times during the 


top layer and scooping soil into a sterilized beaker with a 


100 ml of sterile buffer and shaken for 15 minutes on a 
tions ranging from one-tenth to one ten-thousandth 


the membrane filter apparatus, cultured, and incubated 


hod of DEGENS 

Method. The principle of the 
naterials form a blue complex with 
The percentage of detergent may 


extracted soluti and comparing 


nfluencing the numbers of enterococci found in well (B) was 


IBM 650 calculator, using the WoLONTIs (1956) Program 
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A similar analysis on the well V was not feasible because of the infrequency of 
enterococcus isolations. 

Chi-square tests were made to determine relationship between other variables 

In the determination of geometric averages, where “ less than one ” organism was 
isolated, a logarithmic value of zero was assigned 


RESULTS 

Most Probable Number of Coliforms 

Seventy-five samples from well (V) were analyzed for coliform density. There was 
a range of 0-35,000 coliforms per 100 ml. The geometric average for the year was 89 
coliforms per 100 ml. 

Seventy-three samples from well (B) had a range of 0—18,000 coliforms per 100 ml 
and the geometric average for the year was 140 per 100 ml. 

Twenty-seven analyses of well (C), of which 9 were positive, were made between 
May, 1959 and January 1960. The MPN never exceeded 5 per 100 ml 

Weekly geometric averages for wells (V) and (B) are plotted in Figs. 1 and 2. 
The corresponding figures for well (C) were not plotted because of the low values 

An evaluation of MPN data for the year tends to confirm VOELKER’s (1953) findings 
in that the count of the deep well (B) conformed more closely to a basic season trend 
than did the count from the shallow well; both wells showed a rise in the number of 


coliforms from a minimum in January to a peak in July and August, thereafter well (B 


showed a gradual decrease, but the shallow well (V), after reaching a sudden peak 
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This July peak of well (V) corresponded to 


in July, showed a period of low numbers 
there was a general decline in coliforms from 


a heavy rainfall of more than 7 inches 
this point to the end of the sampling period in January. Heavy precipitation during 
the latter part of December again corresponded with a significant rise in organisms 
(B) also, increased numbers of coliforms corresponded with the July rainfall 
used as a control to determine whether a 


In wel 
Throughout the course of the study well (C), 
in the Spring would exhibit seasonal variation, showed no 


well Naving no pol 


coliform density 


Teme 


apparent that a situation existed which prevented 


of Escherichia by the membrane filter method 
could not be counted in 100-ml or 10-ml 
M-EMB medium became completely overgrown 
f the samples were then negative for Esche 
f Escherichia in a 100-ml portion of the sample 
present in ti riginal 100-m 

bDtainable 
ells at otted it 


how 


were 
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The range in seventy-five samples in well (B) was 7-6600 aerobacter, per 100 ml; 
the geometric average for the year was 250 per 100 ml 

Escherichia was never isolated from samples from well (C). Twenty-seven analyses 
ranged from 0-13 Aerobacter per 100 ml. The geometric average was |-5 Aerobacter 
per 100 ml 

Of thirty-two typical Escherichia colonies picked from M-EMB pads, 16 each from 
wells (B) and (V), only two colonies from each well were able to utilize citrate in Koser’s 
medium, indicating a preponderance of intestinal Escherichia 

A comparison of MPN values and Aerobacter numbers determined by membrane 
filtration shows a rather close correspondence; where available, Escherichia values 
showed similar trends 


Enterococci 

Weekly averages for enterococcus counts for wells (V) and (B) are plotted in Figs 
1 and 2 

Seventy-two samples from well (V) were analyzed for enterococci; 47 were negative 
Between February 12 and July 22, enterococci were isolated from this well only 3 
times. The range from 0 to 950 per 100 ml; the average was 2-4 per 100 ml for the 
year 

In well (B), 70 of 71 samples contained enterococci. Numbers per 100 ml ranged 
from 0-6,100; the average for the year was 35 per 100 ml 

Ten of 27 samples in well (C) contained enterococci which ranged from 0-48 per 
100 ml, the average value obtained from the data for the year being 1-8 per 100 ml 
Of the total of 110 enterococci, 82 per cent appeared between July 16 and 
September 5 


Statistical Analysis 
A statistical analysis of factors affecting variance in counts was undertaken using the 
WoLontTis (1956) program and the model 650, International Business Machines 
calculator 
The initial analysis was designed to detect whether any of the following factors 
exerted an influence on the variance in numbers of enterococci 
(1) minimum daily temperature 
(2) average monthly temperature 


(3) rainfall on day prior to sampling 


(4) rainfall on day of sampling 


(5) amount of detergents on day of sampling 


(6) amount of detergents in previous sample 


(7) Most Probable Nun ber of coliforms 
Results obtained are show n Table | 

F value ts the rat f one random varian to another 
estimated variance between groups divided by the estimated var 
If the means of groups differ significantly among themselves, they show more variation 
han can be attributed to random sampling. A value of F less than t value g 
the probability leve iD! el lance with the design d pro- 
bability 


T he in Table Cal interpreted mean nere Was a Nig ol 
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INDITIONS, DETERGENTS AND MPN WITH 


COUNT IN WELL (B) 


in well (B) Wa 


re or detergent concentration 


s correlated with recent rainfall 


near zero for the first 


six months 
MPN, Aerobactet 


I schel ichia and 


Enterococcus counts fell rapidly 
wer rate 


y January, after 
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MPN 3 
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F ratio of 31 for per cent p bility level 
probability that the enterococcus count i Eee 
and with the MPN, but not with temperature 
The enterococcu int in well (V) remained at vc 
{ the year. In mid-July after a heavy rain, the 
enterococcus counts all reached their highest value 1 
whereas the other o1 nisms decreased at a muc!l 
heavy precipitation, MPN and enterococcus counts again reached a peak 
Total Count on M-EMB Mediun 
T] iriatior total number f organisms growing on M-EMB medium are 
plotted Fig By parison with the rainfall chart, it can be seen that the total 
count peaks al clated with pe d ! much precipitatior 
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Soil San le Ses 


Eleven soil samples, some from each well, were analyzed for pollution indicator 


organisms in an effort to determine whether pollution appeared to be entering through 


the soil. The results of the soil analyses are summarized on Table 2. It can be seen 
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was a direct result DY household sewage d } e since n household 
synthetic detergents are the anionic type, the Chi square test was performed to deter 
if a pos 


itive correlation existed between bacterial contaminatio! 


and the presence 


was f d. Results are summarized in 
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Taste 3 SUMMARY OF CORRELATION ANALYSES 


iriables Tested 


Aerobacter sunt and MPN 

Enterococcus Count and Aerobacter ¢ 

Enterococc Count and MPN 

Total ¢ iv ind Aerobacter Count 

Total ¢ ind Enterococcus Cour 

Total ¢ nd MPN 

Precipitati on Day of Sampling & Aerobact 

Precipitation on Day of Sampling & MPN 

Precipitation on Day of Sampling & Enterococc 

Precipitation (day-!) and Aerobacter 

Precipitation (day-!) and MPN 

Precipitatior y-1) and Enteroc« 

Water Level and Aerobacter 

Water Level and Enterococci 

Water Level and MPN 

Water Temper ature and Aerobacter 

Water Temperature and Enterococc 

Water Temperature and MPN 

Detergent Conc. and Aerobacter 

Detergent Conc. and Enterococc 

Detergent Conc. and MPN 

* 5 per cent probability level 
t(F-408) Where F value 

calculated and value IS giver 


- 2-84 
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f enterococcus levels with Escherichia numbers was not calcu- 
this study, but will be presented in a second report covering a 
ne community 
SUMMARY AND CONCLUSIONS 
andy soil, and two deep drilled wells, situated in shale, were 
a vear, and the most probable numbers of coliforms and the 
Escherichia and enterococci were determined, along with 


temperature, level of water in the well and detergent 


were reached from statistical analysis of the data 
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Rationalization of the photometric evaluation of mine konimeter samples by apparatus 
modification and the the addition of a mechanical computer. 

Dr. H. Mertens (Unna-Kénigsborn: Kléckner-Bergbau Kénigsborn-Werne AG.). 
Staub, vol. 20, pp. 218-220, 1 Reef. 


August Edition: Combined conference of the VDI Technical Group on Dusts, the 
Austrian Engineers and Architects Association and the Austrian Dust (Silicosis) 
Control Office, Held in Vienna, 4-6 May, 1960. The theme of the conference was: 
Trends in the Development of Dust Measurement: Group I: Dust Concentration 
Measurements. Introduction: P. Noss, (Essen), Present position of dust measuring 
techniques. Staub, vol. 20, pp. 243-244. 


Dust deposition in thermal and pressure gradients. 
Prof. G. Sterrer (Vienna: Physikalisches Institut der Universitat). 
Staub, vol. 20, pp. 244-252, 15 Refs. 
The basic theories of diffusion are discussed, and it is found that under certain 
conditions of flow, experimental results agree with theory. 


Investigations concerning the accuracy of particle size analyses. 
Prof. H. Rumer (Karlsruhe: Institut fiir Mechanische Verfahrenstechnik an der 
Technischen Hochschule). Staub, vol. 20, pp. 253-266, 29 Refs. 
A detailed discussion of the theoretical bases of sedimentation. 


Dust measuring equipment indicating or registering weight. 
Prof. T. Gast (Walsum). Staub, vol. 20, pp. 266-272, 4 Refs. 

An electronic balance designed to measure dust concentrations is described, and the 
variations for different applications are indicated. Discussion: Dr. T. Gast, Dr. J. 
L. v. EicuBorn (18 Refs.). Group II: Dust Deposition Measurement. Introduction: 
Dr. K. SCHWARZ (Essen), Survey of the problems of measuring dust deposition. Staub, 
vol. 20, pp. 275-278, 11 Refs. A review of the methods employed in Germany (solids 
and SO,). The paper is largely concerned with funnel methods and the adhesive foil. 


The measurement of dust deposition. 
Prof. M. Diem (Karlsruhe). Staub, vol. 20, pp. 278-282, 10 Refs. 
Several methods of dust deposition measurement, which were used simultaneously 


over a period of one year, are compared. The dust concentrations at various heights 


(up to 500 metres) are also given. 


Practical Experience in Dust Deposition Measurement. 

Prof. A. HeELLer (Berlin-Dahlem: Federal Office of Health for Water, Soil and Air 
Hygiene). Staub, vol. 20, pp. 282-285, 4 Refs. Discussion: Dr. K. SCHWARZ, 
H. Oers. Group III: The Organization of Dust Measurements. Introduction 
F. MARESCH (Vienna, Oestreichische Staub (Silikose) Bekampfungsstelle). 

Aims and Objects of the Austrian Dust and Silicosis Control Centre. Staub, 
vol. 20, pp. 285-286. Industrial Dust Control. W. KitzLer (Leoben: Oestrei- 
chische Staub-(Silikose) Bekampfungsstelle). Staub, vol. 20, pp. 286-289, 5 
Refs 
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Dust Measurement in Black Coal Mines. 
Dr. H. Brever (Essen: Hauptstelle fiir Staub und Silikosebekampfung des Stein- 
kohlenbergbauvereins). Staub, vol. 20, pp. 290-299, 12 Refs. 

Since it is only the dust with particle size less than 5 microns which collects in the 
alveoli of the lungs, the dust measuring devices must be able to classify dusts as coarse 
(greater than 5 microns) or fine. Because the chemical and mineralogical composition 
of the dust affects its pathological action, routine measurements differentiate between 
coal and other dusts. A process for quartz determination is in preparation. 


Methods of measurement in powder metallurgy. 
Dr. K. Torkar (Graz, Oecstereich: Institut fiir Anorganische und Physikalische 


Chemie der Technischen Hochschule). Staub, vol. 20, pp. 299-302. 


Origin, behaviour and determination of submicron aerosols in Smog. 
Prof. A. Goetz (Pasadena, Cal.: California Institute of Technology). Staub, vol. 20 
pp. 303-308, 23 Refs 
Smog generation occurs in large (automobile) traffic and industrial centers. It is 
contingent upon the coexistence of uncombusted hydrocarbons (HC), NO, SO, at 


greater than 10-* concentration in stagnant air masses exposed to intense irradiation. 


It represents the early phases of a photochemical reaction among these compounds 
which produces highly polar “ oxidant "’ compounds. Their associate avidity in the 
presence of natural aerosols causes particle growth well into the 10° cm range, 
resulting in visibility reduction and synergistic irritation. This effect increases with the 
olefine concentration of the hydrocarbon. With age the particle vanishes completely, 
due to further oxidation to volatile components (CO,, H,O, etc.). With the aerosol 
spectrometer the growth and subsequent decline of the particles can be traced quan- 


titatively. (Author's Abstract) 


Mean Special Concentrations and Maximum Allowable Concentrations. 
Dr. H. Kocu (Koblenz: Bundesinstitut fiir Arbeitsschutz). Staub, vol. 20, pp. 
308—311 

Discussion as to whether the maximum allowable concentration can be used as a 
reference point for spot tests at places of work. Discussion: Prof. A. Goetz, Prof. H. 
JuNnG, Dr. K. Emper, L. Hirscu. Group The Measurement of Radioactive Dusts 
Prof. J. A. SCHEDLING. (Vienna) { survey of the problems of measuring 
taub, vol. 20, pp. 313-319 
Methods of Measuring Radioactive Dusts in Workrooms. 

Dr. D. HASENCLEVER (Bonn: Staubforschungsinstitut 


Radioactive Pollution in the Atmosphere. 
Dr. G. SCHUMANN (H 
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Regulations governing the erection of plants which may cause air pollution. 
H. Oets (Bonn). Staub, vol. 20, pp. 326-329. 


Research and Control of Air Pollution in the United States. 
Dr. H. W. GeorGu (Frankfurt a. M.). Staub, vol. 20, pp. 329-333, 11 Refs. 


The Determinations of SO, tolerance Limits in Plantations. 
Dr. R. GUDERIAN (Essen: Forschungsinstitut fiir Luftreinhaltung e.V.). Staub, vol. 
20, pp. 334-337, 12 Refs. 
Problems connected with air pollution investigations, in particular the damage 
caused by SO, from ore roasters in tree plantations and on other vegetation, are 


discussed and illustrated. 


Dust Removal in Flue Gas Scrubbers. 
Dr. E. Weper (Zweibrucken). Staub, vol. 20, pp. 338-344, 24 Refs. 

Calculations show that the spray droplets from nozzles in a blast furnace gas 
scrubber, for most of the distance they move, are at their terminal velocities. By 
changing the spray nozzles and the dirty gas velocities the efficiency of the spray 
tower can be improved. 


Translated and Abstracted by W. Strauss, 
Department of Chemical Engineering, 
University of Melbourne, Australia. 
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Soviet air pollution studies available in English from OTS. 


An extensive survey of Russian literature on air pollution and related occupational diseases is being 
compiled by Dr. Ben S. Levine under a U.S. Public Health Service research grant. His first and second 
volumes of the series are now available from the Office of Technical Services, U.S. Department of 
Commerce, Washington 25, D.C., U.S.A 

Dr. Levine has devoted the last five years to collecting and translating Russian literature on air 

ution. The Russian-born scientist is a former U.S. Public Health Service researcher. Now re- 

d, he is devoting full time to surveying and translating Russian works on air pollution for the 
benefit of American scientists and technicians who want information on air pollution research and 
development in the U.S.S.R. Dr. Levine is now working on the third volume of the new literature 
survey and he expects the complete survey to fill at least several more volumes, all of which will be 
published by OTS 

The survey covers the basic concepts of air pollution prevention in the U.S.S.R., explains the 
methods of approach, outlines the scope and plan of the work, and evaluates the progress made 
Dr. LEVINE points out that Soviet interest in air pollution its both hygienic and economic. The survey 
shows that industrial discharges frequently contain large amounts of valuable byproducts 

Dr. Levine has also translated and OTS has published a three-volume series on the limits of allow- 
yncentrations of atmospheric pollutants, plus a volume on sanitary protection of atmospheric 


me was written by V. N. Uznov of the Technical Division of the Institute for 


air The latter volu 
Making Gas Purifying Equipment in Moscow Dr. Levine selected Uznov's book for translation 


n extensive review of Russian works on the subject. Although the book was first published in 


1955. Dr. Levene considers it “ authoritatively recent 
Dr. Levine ansilations and literature surveys currently available from OTS are as follows 


Please use the order nber when ordering. (Dates given below are the dates of publication in the 


Sov t Unon 
No. 59—21173 mits « Allowable Concentrations of Atmospheric Pollutants (Book 1), 1952, 
Allowable Concentrations of Atmospheric Pollutants (Book 2), 1955, 


Allowable Concentrations of Atmospheric Pollutants (Book 3), 1957, 


tion of Atmospheric Air; Purification of Industrial Discharge Gases 


spended Substances, 1955, 160 pages, 33 
ature on Air Pollution and Related Occupational Diseases, 1, 214 
Pollution and Related Occupational Diseases, 2, 


i Related Occupational Diseases, 


63 pages — 
pages <3 
No. $9-21092 Sanitary Protection 
from S 
Nic 2 049 SSR 
pages, $ 
No. 60-21188 U.S.S.R 
pages, 34 
No. 60-21475 U.S.S.R. Literature on Air Pollution 3, 265 
pages, $4 
USCOMM-DC-62,344 
276 
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